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Introduction

RNA sequences encode tertiary structures that catalyze biochem-
ical reactions and transduce regulatory signals from a variety of 
ligands. The molecular interactions that stabilize RNA structures 
are stable in physiological conditions and form spontaneously 
within a few seconds. However, the self-assembly of RNA ter-
tiary structure encounters physical challenges, arising from the 
limited chemical complexity of polynucleotides, the stability of 
the secondary structure relative to the tertiary structure, and the 
negative electrostatic potential of the folded RNA.1-3

In response, cells express a variety of non-enzymatic RNA 
chaperones and ATP-dependent helicases that function in ribo-
nucleoprotein (RNP) biogenesis, RNA processing and RNA reg-
ulatory interactions (reviewed in ref. 4–6). These chaperones and 
helicases speed up annealing and exchange of base pairs, unwind 
misfolded RNAs, and control the timing of specific conforma-
tional switches. For large macromolecular complexes such as 
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Many non-coding RNAs fold into complex three-dimensional 
structures, yet the self-assembly of RNA structure is hampered 
by mispairing, weak tertiary interactions, electrostatic barriers, 
and the frequent requirement that the 5' and 3' ends of the 
transcript interact. This rugged free energy landscape for 
RNA folding means that some RNA molecules in a population 
rapidly form their native structure, while many others become 
kinetically trapped in misfolded conformations. Transient 
binding of RNA chaperone proteins destabilize misfolded 
intermediates and lower the transition states between 
conformations, producing a smoother landscape that increases 
the rate of folding and the probability that a molecule will find 
the native structure. DEAD-box proteins couple the chemical 
potential of ATP hydrolysis with repetitive cycles of RNA 
binding and release, expanding the range of conditions under 
which they can refold RNA structures.
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ribosomes, spliceosomes and viruses, chaperones also link folding 
and assembly with intracellular transport, packaging and quality 
control.7-9 This review discusses the physical forces that partition 
RNA molecules among productive and non-productive folding 
pathways, and how chaperones and helicases overcome limita-
tions to the fidelity and speed of self-assembly in RNA.

Hierarchical Assembly of RNA Structure

To understand how chaperones improve the outcome of RNA 
folding reactions, one must first understand how RNA structures 
self-assemble. One answer to this question is that self-organi-
zation proceeds from the hierarchy of the structure itself (Fig. 
1).10,11 The primary sequence specifies a secondary structure, that 
is defined by double helices and single-stranded loops and join-
ing segments. The double helices are then packed into a tertiary 
structure that is mediated by interactions with non-helical seg-
ments and specified by discrete tertiary interaction motifs.12 The 
tertiary structure is in turn recognized by protein subunits in the 
quaternary structure of ribonucleoproteins (RNPs).

A large number of experiments on ribozymes, riboswitches, 
rRNA and many other structured RNAs have shown, however, 
that the mechanism of folding is both more complicated and 
more sophisticated than indicated by this hierarchical scheme 
(reviewed in ref. 3, 13–15). First, many RNA sequences can form 
more than one stable secondary structure, because of the chemi-
cal similarity of the four natural bases.1 Even 100 nt RNAs of 
random sequence were found to form rod-like secondary struc-
tures,16 emphasizing the degree to which base pairing is favorable 
even in the absence of any tertiary structure. Thus, before the 
correct tertiary structure can be achieved, the correct secondary 
structure must be selected from among many energetically simi-
lar alternatives.

Second, SAXS, NMR, fluorescence spectroscopy and gel 
electrophoresis experiments have shown that RNAs initially col-
lapse into compact intermediates before they reach their native 
states (reviewed in ref. 15). This collapse transition correlates 
with assembly of the core helices, and is promoted by transient 
tertiary interactions between double helices that stabilize the 
compact structures.17-20 Thus, helix assembly and tertiary fold-
ing are at least partially, if not strongly, coupled with each other. 
The formation of tertiary interactions during the initial collapse 
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Similarly, RNA stem-loops distort their helix geometry and 
rearrange base pairing and stacking to accommodate peptide 
ligands.25 Examples of more dramatic secondary structure rear-
rangements that are coupled to tertiary folding transitions are 
found in the P5abc domain of the Tetrahymena group I ribo-
zyme,26 the Varkud satellite (VS) ribozyme,27 and a pseudoknot 
in the E. coli α operon mRNA.28

From these examples, it is apparent that the hierarchical levels 
of RNA structure are intimately linked with each other during 
the folding process. The conformations populated at any stage of 
folding depend simultaneously on the base pairing potential of 
the sequence, the stability of tertiary interactions (which depends 
on Mg2+ concentration), and the availability of RNA binding 
proteins to stabilize the folded RNA. Chaperone proteins must 
engage these ensembles of RNA conformations to alter the speed 
or efficiency of the folding process.

RNA Folding Free Energy Landscapes

While unfolded RNA can take on many different conforma-
tions, the number of possible structures narrows as the RNA 

transition can make the helix assembly more accurate, by favor-
ing those secondary structures that can also form tertiary interac-
tions.15 In the Azoarcus group I ribozyme, loss of a tetraloop-helix 
interaction made base pairing of the core helices less cooperative, 
and caused more of the RNA population to become kinetically 
trapped in misfolded intermediates.21

Third, the early compact intermediates must go through fur-
ther conformational rearrangements to reach the native tertiary 
structure. Many RNA tertiary motifs are context dependent, and 
in some cases, the bases only take on the correct configuration 
when the interacting partner is present.12,22 Consequently, the 
formation of stable tertiary interfaces can require the sacrifice 
of energetically favorable base pairs. This final step of tertiary 
folding depends on the stability of the native structure, and can 
be driven by association of the RNA with Mg2+ ions, small mol-
ecules (riboswitches) or proteins (RNPs).

The search for the native conformation can involve local 
reorganization of base pairing and base stacking, or much larger 
changes to the RNA secondary structure (Fig. 1). For example, 
stable docking of two helical domain in the hairpin ribozyme 
requires restructuring of internal loops in both domains.23,24 

Figure 1. RNA folding pathways and refolding by chaperones. In the absence of chaperones (top), the initial collapse transition produces an ensemble 
of compact intermediates (IC) that rearrange to the native structure (N). Because the unfolded RNA contains a mixture of structures, including non- 
native base pairs (yellow), different subpopulations (U1, U2, U3) fold through different pathways (reviewed in ref. 134). Non-specific collapse transitions 
lead to kinetically trapped misfolded intermediates (Imis). Chaperone proteins (C) bind and destabilize RNA folding intermediates, releasing partially 
unfolded RNAs that can fold again. The structure of the RNA immediately after chaperone release is unknown (question marks).
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fold through an intermediate.52 Tertiary interactions in the P4-P6 
domain and peripheral domains form much more rapidly than 
the P3-P9 domain,40,53 and stabilize the misfolded intermediates 
as well as the native state.40,54-57

In addition to the potential for mispairing, the sequence 
separation of interacting residues (contact order) and the sta-
bility of the tertiary structure contribute to the propensity to 
misfold in vitro (reviewed in ref. 14). In the Tetrahymena ribo-
zyme, the P3 pseudoknot mispairs more frequently because its 
strands are 100 nt apart in the ribozyme sequence; when the 
sequences are brought closer by a permutation of the sequence, 
mispairing is reduced.58,59 Moreover, the imbalance between 
stable peripheral interactions, which trap misfolded intermedi-
ates, and weak tertiary interactions, which diminish the accu-
racy of helix assembly, exacerbate the potential for misfolding.60 
More recently, it has been proposed that P3 mispairing leads 
to an inactive but very stable topological isomer,61 that might 
explain extremely slow rates of ribozyme reactivation in some 
conditions.62 In other RNAs, unusual ribose puckers63 and 
local interactions have been proposed to trap RNAs in non-
native structures.64

Kinetic Partitioning and Molecular Chaperones

If a certain fraction of the RNA population folds correctly, as 
predicted by the kinetic partitioning model, the yield of native 
RNA can be increased by giving misfolded molecules additional 

chain begins to interact with itself (Fig. 2). The probabilities of 
forming specific conformations can be described by “free energy 
landscapes”, that depend on the relative energies of specific 
conformations and the kinetic barriers between them (Fig. 2) 
(reviewed in ref. 29 and 30). Single molecule experiments and 
simulations are beginning to describe the free energy landscapes 
for folding small RNAs in great detail.31-35

As RNA structures are stabilized by many weak, non-covalent 
interactions, self-assembly of the native structure should proceed 
smoothly as the RNA chain makes more and more energeti-
cally favorable intramolecular interactions.11 In reality, all RNA 
sequences encode molecular interactions that are incompatible 
with the native structure, “frustrating” the search for the native 
state.29,36 Even when equilibrium conditions favor the correct 
structure, folding is impeded by non-native interactions, delay-
ing the acquisition of native structure.

In RNA, this topological frustration is acute, because short 
range interactions are very stable and form rapidly. For example, 
short hairpins can close in 10–100 μs, depending on the size 
of the loop.34,37,38 In contrast, tertiary interactions that shape 
the global structure of the RNA are enthalpically less stable 
than Watson-Crick base pairs, and form more slowly (10 ms–1 
s).37,39,40 The tertiary interactions are also entropically disfavored 
because they occur between residues far apart in the sequence, 
and require co-localization of metal ions. Consequently, locally 
stable but incorrect structures form easily in RNA, and the high 
free energy barriers for unraveling incorrect conformations kinet-
ically trap misfolded RNAs in local minima on the free energy 
landscape.29,41,42

As individual unfolded RNAs can have different initial struc-
tures, they can follow different paths toward the native structure, 
partitioning the population into fast-folding and slow-folding sub-
populations (Fig. 2).29 The kinetic partitioning of RNA popula-
tions among parallel folding pathways has been observed in many 
single molecule FRET and force denaturation experiments, dem-
onstrating that large and small RNA structures have heterogeneous 
folding dynamics (reviewed in ref. 14, 43 and 44). A handful of 
smaller RNAs, such as tRNA, RNase P C domain, the Azoarcus 
group I and VS ribozymes, refold into their native tertiary struc-
ture in less than 50 ms,37,45-47 virtually ensuring that the RNA is 
functional soon after it is transcribed. However, larger RNAs can 
require minutes or even hours to refold in vitro, because the non-
native intermediates formed during the collapse transition require 
extensive reorganization (reviewed in ref. 48), and few molecules 
in the population bypass these kinetically trapped states.

Kinetic Partitioning of the Tetrahymena Ribozyme

The Tetrahymena group I ribozyme presents a well-studied 
example of kinetic partitioning in RNA folding.29 Although the 
majority of in vitro transcripts become kinetically trapped in 
inactive conformations, due to mispairing of the P3 pseudoknot 
in the ribozyme core, 5–10% of molecules reach the native struc-
ture in a few seconds.49-51 Single molecule FRET experiments 
directly showed that ~10% of ribozyme molecules form a native-
like structure in a single transition, while the remaining 90% 

Figure 2. Free energy landscapes for RNA folding. When conditions 
favor the unfolded state (e.g., low salt), RNA interactions are weak and 
molecules can adopt many different structures (top). When the RNA 
population is jumped to native conditions (e.g., Mg2+), RNA interactions 
are stable and the molecules seek out low free energy structures such 
as the native state (N) (bottom). Free energy landscapes for RNA folding 
are rough, because non-native structures are stable, corresponding to 
local minima on the energy landscape (Imis).

29,41,42 A fraction of the popu-
lation Φ takes a direct route to N and folds rapidly.29 Molecules that 
are initially trapped in misfolded structures must cross high transition 
states (red arrow), and thus fold slowly.
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of RNA-dependent ATPases. In an early demonstration of the 
chaperone activity in RNA binding proteins, a fragment of the 
hnRNP A1 protein was shown to assist renaturation of tRNAs.72 
Other prominent examples of RNA binding proteins that facili-
tate RNA refolding including HIV-1 nucleocapsid protein (NC), 
which facilitates dimerization of the genomic RNA and accel-
erates priming and strand transfer reactions during retroviral 
replication (see also reviews of retroviral NC proteins in this 
issue).73,74 By destabilizing RNA helices and promoting product 
release, HIV NC and hnRNP A1 were able to stimulate turnover 
of the hammerhead ribozyme.75,76 The E. coli StpA protein was 
found to reduce misfolding of the phage T4 td group I intron in 
vitro and in vivo, via non-specific interactions with the intron 
RNA (see also review of StpA by M. Doetsch, T. Gstrein, R. 
Schroeder and B. Fürtig in this issue).77-79 Other examples of 
RNA binding proteins that non-specifically unfold RNA struc-
tures include ribosomal proteins,80,81 yeast La and human Ro pro-
teins,82-84 and the bacterial Sm-like protein Hfq (see also review 
of RNA folding in living cells by G. Zemora and C. Waldsich in 
this issue).85-88

Recent work has shown that the DEAD-box proteins can 
rescue misfolded ribozymes through repeated rounds of RNA 
unfolding, giving misfolded RNAs another chance to parti-
tion between productive and unproductive folding pathways 
(see review of DEAD-box proteins by C. Pan and R. Russell in 
this issue).89-93 Using the Tetrahymena ribozyme as a substrate, 
Russell and colleagues found that CYT19 accelerated conversion 
of the misfolded ribozyme to the native state in the presence of 
ATP.70,91 In agreement with the model above, kinetic partition-
ing of the RNA population between misfolded and correct fold-
ing pathways is the same in the presence and absence of CYT19 
and the rate constants for refolding are also unchanged.91 CYT19 
binds the Tetrahymena riboyzme non-specifically as expected,70 
can thus also unfold the native riboyzme.

RNA Unwinding by Perturbation  
of Free Energy Landscapes

Although non-enzymatic and ATP-dependent RNA chaperones 
both destabilize RNA duplexes, non-enzymatic RNA binding 
proteins must facilitate RNA refolding by exploiting thermody-
namic differences between native and intermediate states (Fig. 
3). RNA chaperones typically promote unfolding by binding 
single-stranded RNA more tightly than double-stranded RNA, 
and consequently must dissociate from the RNA for the RNA 
to refold.1,5 The more tightly the chaperone binds partially or 
fully unfolded forms of the RNA (U) compared to the folding 
intermediates (I), the greater capacity it will have to unfold the 
I states (ΔG

f
C; Fig. 3A). On the other hand, if the protein binds 

too tightly, the RNA cannot refold. The native RNA (N) must 
remain thermodynamically more stable than the chaperone-RNA 
complex (U•C) (ΔG

net
; Fig. 3B). Thus, RNA chaperones must 

dissociate rapidly from the RNA to avoid denaturing functional 
molecules and ensure fast refolding kinetics.5 Consistent with 
this idea, the dissociation rate of RNA binding proteins has been 
found to correlate with their degree of chaperone activity.5,94,95

chances to fold correctly (reviewed in ref. 1, 2, 65 and 66) (Fig. 
1). Both ATP-dependent RNA helicases and non-ATP utilizing 
RNA chaperones have been shown to accelerate RNA folding by 
destabilizing double helices and partially unfolding the RNA.67-70 
In a similar way, chemical denaturants speed up RNA folding 
reactions by raising the free energy of the misfolded intermedi-
ates, thereby lowering the kinetic barriers between the misfolded 
state and the native state.49,62,71

In the classical model, the chaperone is not needed to stabilize 
the final structure of the RNA and refolding occurs as the chap-
erone dissociates (Fig. 1). Consequently, the folding pathways 
and partitioning among alternative folding pathways are speci-
fied by the RNA sequence and refolding in the presence of the 
chaperone should closely ressemble the folding pathway in the 
absence of the chaperone. If the RNA or protein substrate has a 
low probability of folding correctly (low partition factor), many 
rounds of chaperone-assisted folding may be necessary to yield a 
sufficient number of native molecules.

The basic tenets of this “partitioning” model for molecular 
chaperones have been borne out by experiments on non-enzy-
matic RNA chaperones and members of the DEAD-box family 

Figure 3. Thermodynamics of RNA unfolding by non-enzymatic 
chaperones. (A) Thermodynamic cycle for chaperone (C) binding to 
unfolded (U) and folded (F) RNA, in which the folded RNA can be an 
intermediate (I) or native (N) form. The difference in the free energy of 
chaperone binding to U and F (ΔGb

F - ΔGb
U) is equal to the perturbation 

of the folding free energy by the chaperone (ΔGf - ΔGf
C). (B) Chaperones 

that interact tightly with unfolded RNA lower the free energy of U rela-
tive to I and N. If the unfolded RNA-chaperone complex (U•C) becomes 
too stable, the energy gap ΔGnet between the U•C complex and N is 
small, and folding is less favorable overall.
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during ATP binding and phosphate release, and these motions 
appear coupled to the capture and release of single-stranded RNA 
segments.97,98 The backbone of the bound RNA is kinked in several 
structures of DEAD-box complexes, which may contribute to helix 
unwinding.110-112 The low processivity of non-viral DEAD-box 
proteins, and the observation that long helices are unwound more 
slowly than short helices,66,98 lead to the idea that loosely structured 
regions of an RNA tertiary structure are targeted for unwinding 
because they are most accessible to the enzyme. In the Tetrahymena 
ribozyme, for example, CYT19 can efficiently unwind the P1 helix, 
which lies on the surface of the ribozyme and is less tightly docked 
in the misfolded state than in the native state.70

How local unfolding of RNA helices stimulates refolding 
of large RNA tertiary structures remains an open question. 
Mutational and single-molecule FRET studies showed that 
peripheral tertiary interactions in the Tetrahymena ribozyme 
break when misfolded intermediates transition to the native 
state, showing that the folding transition state lies high on the 
free energy landscape.54,56,57 Force denaturation experiments have 
shown that even minimal tertiary structure such as a kissing loop 
greatly increases the amount of force needed to rupture RNA base 
pairing interactions.113 Therefore, to be effective against RNAs 

For the same reasons, RNA chaperones are likely to be most 
effective when the energy gap between the I and N states is large, 
and the I states have a more open structure that permits easy 
loading of the chaperone protein.67 For example, StpA protein 
was found to act more effectively on wild type td group I intron 
than on mutant forms in which the native structure was less 
stable.79,96 By contrast, StpA was ineffective against the stable 
and highly structured folding intermediates of the Tetrahymena 
ribozyme (Nikolcheva T and Woodson SA, unpublished data). 
Greater thermal fluctuations in misfolded structures, which are 
often less tightly packed than native structures, may allow pro-
teins to transiently bind single-stranded segments.70

The arguments above suggest that non-enzymatic RNA chap-
erones must operate in a narrow thermodynamic window between 
the stabilities of the misfolded and native structures. How can 
chaperone proteins unwind RNAs efficiently, yet allow the cor-
rect structure to form? First, cycles of unwinding can be coupled 
to ATP hydrolysis, providing greater control over the timing of 
the RNA-chaperone interactions, as discussed below. Next, I dis-
cuss growing evidence that enzymes and non-enzymatic chaper-
ones stimulate RNA folding by altering the dynamics of RNA 
structures, and not just by reducing its thermodynamic stability.

Active RNA Unwinding

In contrast to “passive” chaperones, DEAD-box ATPases use the 
chemical potential of ATP hydrolysis to drive repetitive cycles 
of RNA binding and release from the enzyme (reviewed in ref. 
97 and 98). Interactions with the DEAD-box protein locally 
destabilize interactions in the RNA, and members of this protein 
family have been shown to act in helix unwinding and protein 
dissociation,99,100 RNP remodeling101,102 and strand annealing.103 
Since interactions with RNA substrates are coupled to ATP 
binding and hydrolysis, this class of proteins has the potential 
to stimulate RNA folding over a wider range of conditions than 
non-enzymatic RNA binding proteins. It also allows the timing 
of conformational changes in the RNA to be regulated, a feature 
that is important in complex processes such as ribosome assembly 
and pre-mRNA splicing.7,101,104,105

Work with model substrates and ribozymes suggests that 
DEAD-box proteins do not require ATP hydrolysis to bind and 
unwind the RNA, but rather use ATP hydrolysis to cycle between 
states with high and low RNA affinity (reviewed in ref. 93 and 
106). Many DEAD-box proteins, including CYT19, have a low 
intrinsic RNA unwinding activity in the absence of ATP, and 
the first round of RNA unwinding can be observed in the pres-
ence of non-hydrolyzable ATP analogs, suggesting that the RNA 
is passively unwound when the DEAD-box protein binds.92,107 
However, ATP is needed for multiple turnover unwinding, sup-
porting the conclusion that enzyme recycling depends on ATP 
hydrolysis.93,108

If ATP is used to control protein-RNA affinity, then how is 
the RNA unfolded? DEAD-box RNA helicases contain a binding 
site for single-stranded RNA109 that straddles the two RecA-like 
ATPase domains.110 As for other members of the SF2 superfam-
ily of helicases, the orientation of the RecA-like domains changes 

Figure 4. Counterion charge density and RNA folding dynamics. (A) 
The valence and size or charge density, of counterions influences the 
stability of RNA structure. Small, multivalent ions (Mg2+, left) stabilize 
RNA tertiary structures more than larger ions (polyamines, middle).119 
Basic polypeptides in RNA chaperones may destabilize RNA structures 
by lowering the density of positive charge around the RNA (right). 
(B) Chaperones can smooth free energy landscapes for RNA folding 
by destabilizing I states (green arrow) and stabilizing transition state 
ensembles (TSE; blue arrow). As the landscape becomes smoother, the 
transition state for collapse moves toward N, increasing the probability 
Φ an RNA will fold correctly and bypass non-native I’s.122
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domains are connected by flexible linkers. This flexibility is 
likely key to their chaperone activity, allowing the chaperone to 
remain in contact with the RNA as its structure is remodeled.128 
Disordered domains rich in arginines, glycines and serines are 
also found in non-specific DEAD-box RNA chaperones such as 
CYT19 and Mss116,111,114 and may contribute to RNA unwind-
ing by those enzymes (reviewed in ref. 98).

Chaperones and the Accuracy of RNA Folding

As discussed above, molecular chaperones not only improve RNA 
folding by unwinding misfolded intermediates, they can also 
lower the electrostatic barriers to folding while in complex with 
the protein. Both actions smooth the free energy landscapes for 
folding, as local minima become less pronounced while the free 
energy barriers between conformations are reduced (Fig. 4B). 
An important consequence of a smoother free energy landscape 
is that the propensity of macromolecules to misfold in the first 
place is lessened—that is to say, more molecules partition into 
fast, “trap-free” folding pathways when the landscape is smooth 
than when it is rough.129

Why does the smoothness of the landscape correlate with the 
population of fast folding molecules? First, partitioning among 
different folding pathways depends on the structures present at 
the start of the folding reaction. In several studies, more RNA 
partitioned into direct (fast) folding pathways when the RNA 
was prefolded in salt before Mg2+ was added.130-133 Partial dena-
turation of the unfolded Azoarcus ribozyme reduced the hetero-
geneity of the initial collapse kinetics, allowing more RNA to 
collapse in ≤1 ms.134

Second, more RNA molecules can avoid misfolding if the 
forces driving helix assembly and collapse are lessened, because 
the RNA has more time to search for its most stable structure 
before the transition state for folding is crossed.2,129 Moreover, 
when conditions barely favor the native state, a larger number of 
energetically favorable interactions must accumulate to push the 
RNA over the folding transition state. Nucleation of the collapse 
transition becomes more specific, and the transition state itself 
occurs closer the native state, in accord with the Hammond pos-
tulate122 (Fig. 4B, red arrow).

The relationship between the specificity of folding and the 
force (or change in chemical potential) was validated by mechan-
ical denaturation of tethered RNA hairpins (reviewed in refs. 135 
and 136). When the force changed very slowly, unfolding and 
refolding occured reversibly, with a high yield of native hairpin 
in each cycle.137-139 When the force was ramped quickly relative 
to the relaxation rate of the hairpin, the molecule unfolded and 
refolded irreversibly along different pathways, populating new 
metastable states on the refolding trajectory.138 Similarly, relax-
ation times in temperature jump experiments are shortest near 
the melting point, when the folding equilibrium is near one.

The arguments above suggest that chaperones may do more 
than rescue misfolded RNA; they may improve the accuracy of 
RNA folding by improving the specificity of structural nucle-
ation. Evidence that proteins can stimulate large changes in RNA 
structure without having to dissociate from the RNA comes from 

with tertiary structure, a chaperone or helicase must unfold large 
regions of the RNA simultaneously. Alternatively, the destabiliz-
ing effect of local unwinding may propagate through the RNA 
tertiary structure more easily than currently thought. Finally, 
many DEAD-box chaperones contain auxiliary RNA binding 
domains that tether the protein to the RNA.99,114 These domains 
may directly increase the dynamics of the RNA through the elec-
trostatic mechanisms discussed below.

Electrostatics and RNA Dynamics

RNA chaperone proteins are rich in basic amino acids, and elec-
trostatic interactions with their substrates may directly stimulate 
RNA refolding. Owing to the negative charge on every phos-
phate, counterions and electrostatic interactions strongly influ-
ence the stability and dynamics of RNA structures.3,10,115 RNA 
tertiary structures are particularly sensitive to the presence of 
multivalent cations, because the folded structure creates pockets 
of strongly negative electrostatic potential.116 In general, multiva-
lent cations stabilize the folded RNA more efficiently than mon-
ovalent cations, because multivalent ions interact more strongly 
with the electrostatic potential of the RNA, fewer multivalent 
ions must be localized around the nucleic acid to offset its charge, 
and multivalent metal ions such as Mg2+ can coordinate specific 
sites within the folded RNA.

For multivalent counterions, the density of positive charge in 
the counterion also affects the dynamics of the system (Fig. 4A). 
Bulky cations such as polyamines, in which the positive charges 
are separated by neutral carbon atoms, pack less tightly around 
the folded RNA and compact the RNA less efficiently than 
smaller metal cations such as Mg2+ or [Co(NH

3
)

6
]3+.117-119 SAXS 

experiments show that folding intermediates are less compact (on 
average) in spermidine and Ba2+ than in Mg2+ or [Co(NH

3
)

6
]3+.120 

This correlates with faster refolding rates in low charge density 
ions such as polyamines and monovalent salts, compared with 
multivalent metal ions such as Mg2+.121-124 Folding intermedi-
ates are less stable in polyamines than in Mg2+ and the transition 
states for folding are broader and more plastic.122 Both of these 
effects produce a smoother free energy landscape for folding and 
faster folding kinetics.

In an analogous way, basic proteins, in which the positive 
charges are separated by polar and apolar groups, can buffer the 
electrostatic interactions between the RNA and its surrounding 
metal ions, smoothing out the free energy landscape so that the 
most stable configuration can be achieved in a shorter time (Fig. 
4A). Non-specific electrostatic interactions between proteins and 
RNA have the potential to stabilize transitions states for strand 
exchange and annealing.1,125,126 The electrostatic environment 
is critical to the strength of the RNA-protein interactions, and 
in the case of HIV NC, can modulate the balance between its 
strand exchange and strand annealing activities.127

In many RNA binding proteins with RNA chaperone activity, 
such as HIV NC, ribosomal protein S12 and Hfq, basic amino 
acids are located in disordered or flexible regions that can interact 
with different RNA structures (reviewed in ref. 5). In ribosomal 
protein S1, hnRNP A1 and yeast Prp24, basic RNA binding 
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self-splice quickly, a minority of transcripts partition into an 
inactive pool that is ultimately degraded.156,157 Thus, kinetic par-
titioning between misfolded and correctly folded structures also 
occurs in vivo, and is sensitive to mutations that increase RNA 
misfolding.157,158

In cells, nucleotides at the 5' end of the RNA have an oppor-
tunity to fold during transcription, before nucleotides at the 3' 
end are synthesized. Therefore, the free energy landscape for 
folding evolves as the RNA is elongated. Experiments using the 
hammerhead ribozyme showed that RNA helices exchange more 
rapidly in yeast than in vitro, perhaps due to chaperones, but that 
≥10 bp helices resist thermodynamic equilibration with down-
stream structures during transcription.159 Experiments on RNase 
P RNA showed that the locations of transcriptional pauses have 
a strong effect on the co-transcriptional RNA folding pathway, 
because transcriptional pauses allow time for upstream sequences 
to fold.160,161

Metastable structures formed during RNA synthesis are 
exploited in a large variety of regulatory schemes, including phage 
coat protein translation, tRNA response elements (T-boxes) and 
many riboswitches.162 The considerations above suggest that co-
transcriptional folding is usually disadvantageous for RNAs 
containing long-distance interactions, because the downstream 
partner is not immediately available, allowing other metastable 
structures to form.163 For long RNAs in which critical base pair-
ing interactions are separated by more than a few hundred base 
pairs, chaperones are presumably required to ensure the forma-
tion of long-distance contacts.

The biogenesis of ribosomal subunits provides a wonderful 
example of how transcription, RNA folding, protein recogni-
tion, processing and RNA chaperones must be coordinated to 
ensure robust assembly (reviewed in 104, 105, 164 and 165). In 
the small and large subunit ribosomal RNAs, structural domains 
are pinched off by long-distance base pairs separated by several 
hundred to several thousand nucleotides. In the small subunit 
rRNA, these long-distance helices are joined by a pseudoknot 
that is made late during assembly,166 and that is sensitive to the 
presence of extra-ribosomal assembly factors. In bacteria, the 
5' spacer makes metastable interactions with sequences of the 
pseudoknot, perhaps acting as a temporary “place holder”, until 
the proper native interaction with downstream residues can be 
made.167,168 In eukaryotes, U3 snoRNA, which is required for 5' 
processing of the 18S rRNA and formation of the pseudoknot 
(reviewed in ref. 169), pairs with the 5' and 3' end of the 18S 
sequence.170,171 U3 and other snoRNAs may guide folding of the 
pre-rRNA by providing an intermolecular metastable structure 
that can be replaced with the mature intramolecular structure 
later in assembly (reviewed in ref. 165).

Especially in eukaryotes, conformational changes in the pre-
rRNA are both facilitated and regulated by assembly factors, 
including DEAD-box helicases and GTPases.105,172,173 These 
assembly factors, which are themselves regulated through a 
variety of pathways, link RNA folding and ribosomal protein 
binding with maturation of the rRNA, nuclear export of the 
complexes and with quality control pathways. Thus, for very long 
and structurally complex RNAs, specific metastable interactions 

single-molecule FRET experiments on RNA bound to the yeast 
CBP2 splicing protein140 and changes in RNA backbone acces-
sibility during ribosome assembly.141 More work will be needed to 
understand the nature of non-specific interfaces in RNA-protein 
complexes, and the extent to which such interactions can alter 
RNA folding trajectories.

Protein-Facilitation of Intermolecular Base Pairing

Further evidence that proteins can change the transition states 
for RNA folding reactions comes from RNA “annealers” that 
increase the rate at which two separate RNAs come together. 
Although unstructured RNA oligonucleotides base pair rapidly 
(τ  ~ 1 s when the local strand concentration is 1 μM), pro-
teins are required to facilitate the association of natural antisense 
RNAs, which must reorganize their secondary structures to form 
the antisense complex.142 An important function of HIV NC is to 
promote dimerization of the genomic RNA.74 Similarly, a major 
function of bacterial Hfq protein is to promote the association of 
bacterial sRNAs with their targets.85

One way that RNA chaperones drive the annealing of two 
RNA strands is to simply destabilize secondary structures that 
compete with the intermolecular complex.74,81 For example, E. 
coli Hfq protein remodels the sodB mRNA so that it is more 
accessible to its complementary partner,143 and destabilize an 
inhibitory secondary structure in the rpoS mRNA that is the tar-
get of several sRNAs.144,145 On the other hand, E. coli Hfq has a 
potent annealing activity on short RNA oligomers.88,144 Similarly, 
the unstructured N-terminal region of NC is associated with its 
potent strand aggregation activity, which can stimulate strand 
association 100 to 105 fold.146,147

A common feature of proteins with strong RNA annealing 
activity is the presence of more than one RNA binding surface, 
either in separate domains (e.g., NC, StpA,81 yeast Prp24,148) or 
on different surfaces of a ring-like structure (e.g., Hfq,149 human 
Ro150). How the ability to bind different RNA strands simulta-
neously promotes annealing is not understood (reviewed in ref. 
5 and 151). One possibility is that the annealer simply increases 
local strand concentration. Alternatively, the different RNA 
binding surfaces may allow intra- and inter-molecular RNA base 
pairs to exchange along an energetically neutral path. Regardless 
of the mechanism, the annealing reaction is reversible and the 
net outcome of the annealing reaction depends on whether the 
intermolecular RNA complex is more stable than the individual 
strands.88,144,147,152

Long-Range Interactions and Co-transcriptional 
Folding

Although the energy landscape picture described above was first 
based on the refolding of proteins and RNAs in vitro, a number of 
studies suggest that RNA tertiary interactions and double helices 
have similar stabilities in the cell, as long as differences in salt and 
Mg2+ concentrations are accounted for.153-155 An analysis of splic-
ing and turnover rates of the Tetrahymena pre-RNAs expressed 
in E. coli or yeast showed that while most transcripts fold and 
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function. Instead, emerging data suggest that chaperones also act 
by raising the dynamics of the RNA, lowering or altering transi-
tion states for refolding.

Additional structures of chaperones in complex with natu-
ral substrates and information on the motions of the RNA and 
protein, will provide new insight into how proteins alter RNA 
folding landscapes. Other tantalizing questions for the future are 
how chaperone-assisted refolding of the RNA is coupled with 
specific protein recognition and downstream processing reac-
tions, and at what stage misassembled RNPs are designated as 
being beyond repair.
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and their associated chaperones may have evolved to gain greater 
control over the intrinsically stochastic nature of the RNA fold-
ing landscape.

Conclusion

In summary, non-coding RNAs can fold into elaborate and beau-
tiful structures, yet the self-assembly of such structures is com-
promised by strong mispairing and weak tertiary interactions. 
Long natural transcripts are at a further disadvantage, as interac-
tions between the 5' and 3' ends of the sequence cannot form 
until the entire sequence is synthesized. Chaperones can unwind 
RNA structures by destabilizing base pairs, allowing the RNA 
a chance to refold. However, the brittle nature of RNA tertiary 
structures and the delicate task of destabilizing misfolded RNAs 
without denaturing functional molecules means that a ther-
modynamic strategy is likely insufficient for robust chaperone 
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