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ABSTRACT: Visualizing the navigation of an ensemble of unfolded molecules through the bumpy energy
landscape in search of the native state gives a pictorial view of biomolecular folding. This picture, when
combined with concepts in polymer theory, provides a unified theory of RNA and protein folding. Just
as for proteins, the major folding free energy barrier for RNA scales sublinearly with the number of
nucleotides, which allows us to extract the elusive prefactor for RNA folding. Several folding scenarios
can be anticipated by considering variations in the energy landscape that depend on sequence, native
topology, and external conditions. RNA and protein folding mechanism can be described by the kinetic
partitioning mechanism (KPM) according to which a fraction (Φ) of molecules reaches the native state
directly, whereas the remaining fraction gets kinetically trapped in metastable conformations. For twostate folders Φ ≈ 1. Molecular chaperones are recruited to assist protein folding whenever Φ is small.
We show that the iterative annealing mechanism, introduced to describe chaperonin-mediated folding,
can be generalized to understand protein-assisted RNA folding. The major differences between the folding
of proteins and RNA arise in the early stages of folding. For RNA, folding can only begin after the
polyelectrolyte problem is solved, whereas protein collapse requires burial of hydrophobic residues. Crossfertilization of ideas between the two fields should lead to an understanding of how RNA and proteins
solve their folding problems.

Proteins (1) and RNA molecules (2) are enzymes that
catalyze biochemical reactions. The enzymology of proteins
has been studied for a number of decades (1). In contrast,
the need to understand, in molecular detail, the catalytic
activity of RNA molecules earnestly began only after the
pioneering discovery of self-splicing activity of pre-ribosomal
RNA of the ciliate Tetrahymena (3-6). With this discovery
the ribozyme era was launched. In the intervening years,
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RNA enzymes (ribozymes) have become ubiquitous. These
developments and the linkage of protein misfolding to
neurodegenerative disease (7, 8) have made it urgent to
investigate all aspects of biomolecular folding.
Similarly, the discoveries of the increasingly diverse role
RNA plays in biology (2) requires a conceptual framework
for understanding the folding kinetics of RNA molecules (2,
9). To function as successful catalysts, ribozymes and
proteins adopt well-defined three-dimensional structures
either spontaneously or in association with other biomolecules. Thus, the need to understand the enzymatic activities
of proteins and ribozymes inevitably leads to the question:
How do these molecules fold? The quest to answer this
question has led to major experimental (10-12) and theoreti-
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cal developments over the last 15 years. In the past decade
alone novel experimental methods (11, 13) have allowed us
to probe folding events from the microsecond time scale.
More recently, single molecule experiments (14-16) have
monitored the folding of one protein or ribozyme (17, 18)
at a time thus providing a detailed picture of their folding
landscape. It remains only a matter of time before single
molecule experiments will enable us to routinely watch
enzymes execute their catalytic function (19). To some extent
these developments were spurred by theoretical studies that
emphasized the importance of visualizing protein folding in
terms of the energy landscape (20-24). Although initially
the statistical mechanical and polymer physics based perspectives were used to describe protein folding, more
recently, similar approaches have been adopted to obtain
details of RNA folding (25, 26).
Some time ago, we argued that the folding of proteins and
RNA can be described using a unified perspective (25, 27).
The resulting conceptual framework, the kinetic partitioning
mechanism (KPM),1 led to a number of testable predictions
for folding of proteins and large RNA molecules (25). Many
of these predictions have been confirmed for several RNA
molecules using a variety of techniques (17, 28). From a
global perspective, there are a number of common principles
that must govern the folding of proteins and RNA (25, 2931). Under unfolding conditions (high temperature (T) or
presence of denaturants) even a moderate-sized polypeptide
chain explores potentially a large number of unfolded
conformations. Similarly, the number of unfolded conformations of RNA molecules at low ionic concentrations or high
T is also exponentially large. Biomolecular folding is
concerned with how the transition from an ensemble of such
disordered structures to a well-defined native state occurs.
The native states of RNA molecules have Watson-Crick
pairs between complementary bases and a precise organization of the various structural motifs (hairpin, bulges, loops,
etc.) (32). Polypeptide chains form dense close packed
structures with discernible secondary structural features
(R-helices, β-strands, and loops) (33). The goal of folding
kinetics studies is to describe the pathways, nature of the
intermediates, and the structural features of the transition state
ensemble (TSE).
The interplay between theory and experiments has been
fruitful in providing insights into the mechanisms of selfassembly of RNA (34) and proteins (35-37). The realization
that certain global aspects of RNA folding can be understood
using the tools originally developed to describe protein
folding (20, 24, 38, 39) has resulted in cross-fertilization
between the two fields (40). Here, we describe the origins
of the common themes that govern the folding of proteins
and RNA and outline a number of unifying aspects that
emerge at a global level in the description of their folding
kinetics of RNA and proteins. The common themes also
extend to chaperonin-assisted folding of proteins and proteinassisted assembly of RNA molecules. The iterative annealing
mechanism, originally developed to describe the function of
1 Abbreviations: KPM, kinetic partitioning mechanism; NBA, native
basin of attraction; CBA, competing basin of attraction; NC, nucleation
collapse; MFN, multiple folding nuclei; TSE, transition state ensemble;
IAM, iterative annealing mechanism; SP, substrate protein; CBP2,
cytochrome b pre-mRNA processing protein 2; CYT-18, Crassa
mitochondrial tyrosyl tRNA synthetase; RNP, ribonucleoprotein.
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GroEL (39), can also be used for ribonucleoprotein assembly.
There are crucial differences in their self-assembly as well.
The initial events leading to chain compaction in RNA are
driven by counterion-mediated collapse, whereas lowering
of the free energy of the polypeptide chain by burying the
hydrophobic residues is the main driving force in the collapse
of proteins (41).
Diagram of States and Marginal Stability of Folded States.
(a) Proteins. The conformations of a polypeptide chain
are determined not only by the sequence but also by external
conditions (pH, ionic strength, T, and cosolutes). Although
a majority of experiments are triggered by addition of a
cosolute (urea and guanidinium hydrochloride), the interest
is to obtain thermodynamics and kinetics at neutral pH and
in the absence of denaturants. Under these conditions the
“phases” of a monomeric polypeptide chain are determined
only by T. At high temperatures the polypeptide chain
resembles an unfolded (U) coil. At a characteristic temperature, Tθ, (the Flory temperature) the polypeptide chain
undergoes a coil to globule (ensemble of collapsed states)
transition. Finally, the transition to the native basin of
attraction (NBA) occurs at the folding temperature TF (also
referred to as the melting temperature in the experimental
literature). The simplest phase diagram of the polypeptide
chain consists of three phases, namely, random coil
(T > Tθ), collapsed phase (Tθ < T < TF), and the folded
state T e TF. To distinguish between extended and collapsed
states monomer density, F, (or equivalently the radius of
gyration Rg) is a natural order parameter. When protein is
extended F ≈ N/Rg3 is small, whereas F ≈ O(1) in the
compact phase. Because F ∼ O(1) in both the compact and
the native state, an additional order parameter is needed to
characterize the NBA. The structural overlap function, χ, that
measures the similarity to the native state is an order
parameter that differentiates between compact non-native
states (χ * 0) and the native state (χ ) 0) (or fraction of
native contacts Q (42, 43). Thus, two order parameters
(F, χ) are needed to describe the diagram of states of protein
when temperature is varied. The collapse transition at Tθ is
thought to be second order, whereas the folding transition is
first order. For proteins that fold by an all-or-none transition
Tθ ≈ TF so that efficient folding occurs near a tricritical point
(44). If collapse and folding are nearly simultaneous (this
requires measuring both Rg and fraction of molecules in the
NBA) then σCT ) |Tθ - TF|/Tθ is small (44). An example is
protein L in which collapse and the acquisition of the native
structure is synchronous (45). When σCT is different from
zero folding occurs through long-lived intermediates which
complicate folding kinetics. Thus, there is a natural link
between thermodynamics and the associated folding mechanisms. At temperature much lower than TF the polypeptide
chain exhibits the characteristics of glasses so that folding
becomes sluggish. Optimal folding sequences should maximize TF/Tg (46), which is equivalent to minimizing σCT (27).
(b) RNA. Because RNA folding requires counterions to
neutralize the negatively charged phosphate groups, it follows
that the diagram of states is determined by T and the
concentration, C, of counterions. The equilibrium phase
diagram of even simple RNA molecules [such as tRNA (47)
or P5abc domain] is rich in the (T, C) plane. In terms of the
Bjerrum length, lB ) e2/4πkBT (e is the electron charge, 
is the dielectric constant of water, kB is the Boltzmann
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FIGURE 1: Proposed (T, C) phase diagram for a “simple” RNA.
There are potentially four phases in the (T, C) plane. Phase I
corresponds to the native state (lB/b > 1, C > Cm). In phase II
structures are stable (lB/b > 1, C < Cm). Partially compact structures
with fluctuating tertiary structure (no representative structure is
shown) form in phase III (lB/b < 1, C > Cm) At high T and low C
(phase IV) RNA adopts fluctuating expanded single-stranded
random coil structure (lB/b < 1, C , Cm). The boundaries separating
the phase are a guide to the eye.

constant), one can predict at least four phases. RNA adopts
a single-stranded random coil conformation stabilized,
perhaps, by a few stacking interaction when lB/b < 1 and C
, Cm where Cm is the midpoint of the counterion concentration at which the transition to the folded state occurs. When
lB/b > 1 and C > Cm the folded structure is stable. For lB/b
> 1 and C < Cm stable secondary structures could form.
The conformation of RNA in this phase is expected to be
extended but less so than in the random coil state. It is
difficult to predict the nature of structures when lB/b < 1
and C > Cm. In all likelihood such structures could be
somewhat compact and contain fluctuating tertiary interaction
as well. These structures may be analogous to the molten
globule phase in proteins (Figure 1).
In a remarkable series of papers in the early 1970s Crothers
and co-workers (48-50) obtained, using careful experiments
and theoretical analysis, the equilibrium phase diagram of
tRNA in the (T,C) plane. Just as summarized above, they
were able to identify four distinct phases. They conjectured
that the structures in the region lB/b < 1 and C > Cm of
tRNA resembles a cloverleaf or some variant. The precise
determination of these structures may be difficult because
of their marginal stability. For RNA sequences (tRNA or
P5abc domain of the Tetrahymena ribozyme) the region
(lB/b < 1 and C > Cm) may be relatively small, so that upon
decreasing lB with C > Cm the transition from the unfolded
states with well-defined secondary structure to the NBA may
appear “two-state like”. However, the separation of energy
scales stabilizing RNA structures results in RNA folding
occurring over a wide range of time scales involving
multitude of intermediates.
Folding Scenarios from an Energy Landscape PerspectiVe.
General Considerations. Proteins (21) and RNA (25, 51) are
stabilized by several competing interactions. Chain compac-
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tion is achieved by hydrophobic and/or stacking interactions,
while hydrophilic and charged interactions are better accommodated by extended structures. Multiple competing
interactions make RNA and proteins “frustrated” (52), i.e.,
that not all favorable interactions at specific residues or
nucleotides can be simultaneously satisfied. As a result, the
underlying energy landscape is rugged, i.e., there are multiple
minima separated by free energy barriers of varying heights.
In condensed matter physics energetically frustrated systems
have been extensively studied (53). An example is the Ising
spin glass (53) in which ferromagnetic interactions, which
align the spins in the same direction, and antiferromagnetic
interactions, which order neighboring spins in the opposite
direction, are simultaneously present. The presence of
conflicting interactions leads to the spin glass phase that is
characterized by glassy dynamics which prevents transition
to the ordered ferromagnetic phase. Similarly, heteropolymers
or a randomly designed polynucleotides also exhibit all the
hallmarks of glasses (54) and hence are not biologically
competent. On the other hand, naturally occurring proteins
and RNA, which are finite-sized, may have evolved to
minimize such conflicts in the interactions that stabilize the
native state. Protein sequences that have compatible interactions are said to be minimally frustrated (46, 52). A similar
notion has been introduced for rationalizing multidomain
RNA folding (51).
Besides energetic frustration proteins and RNA experience
“topological frustration” that arises from the polymeric nature
of these molecules (25, 55, 56). Consider the formation of
the native structure under folding conditions. The propensity
to form secondary structures on local scales is driven by the
tendency of hydrophobic residues to be in proximity
(proteins) and the formation of hairpins on scales where the
persistence length is comparable to the screening length
(RNA). The packing of the secondary structures gives rise
to the tertiary fold which in RNA results in a hierarchical
assembly (see however refs 57 and 58). Although the
secondary structures are locally favorable the many distinct
ways of packing them result in multiple tertiary non-native
folds. The incompatibility between stable structures formed
on local length scales and the natiVe fold is termed
“topological frustration” (25, 55). Even if energetic frustration is totally eliminated chain connectivity renders proteins
and RNA topologically frustrated.
The rugged nature of the energy landscape can be used to
anticipate many scenarios for folding. Of particular interest
are sequences that fold by an apparent “all-or-none” process
under a range of external conditions. Because of the relative
simplicity of their folding mechanisms, they have been
extensively investigated in the protein folding field (59). In
addition, the energy landscape description also leads to the
KPM. The KPM provides a unifying perspective of RNA
and protein folding. Here we will focus on these two
scenarios. Folding without barriers (downhill folding) may
also be possible (46, 60, 61).
Apparent Two-State Folders and the Nucleation-Collapse
(NC) Mechanism. Two-state folders are minimally frustrated
so that the energy landscape is relatively smooth with
superimposed roughness. There are two dominant basins of
attraction, namely, the basin corresponding to unfolded states
and the NBA. Under folding conditions, the unfolded state
population decays exponentially with the time constant τF.
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In the early stages of folding, the radius of gyration of the
chain decreases rapidly on the collapse time scale τc. For
two-state folders τF/τc is on the order of unity (O(1)) so that
collapse and folding are nearly simultaneous (27). By O(1)
it is meant that 0 < τF/τc < (5-10). Fast folding experiments
on a few proteins, which monitor folding from about 50 µs
onward, are in accord with these arguments (62, 63).
Majority of the two-state folders reach the NBA by a
nucleation-collapse (or condensation) (NC) mechanism (55,
64-67). According to the NC model the acquisition of the
native fold is preceded by the formation of one of the folding
nuclei, in which a fraction of interactions that stabilize the
native structure is present. The transition to the NBA is rapid
once the folding nuclei are formed. In this sense, the folding
reaction is similar to the gas-liquid transition (38). However,
there are profound difference in the nature of the folding
nuclei due to the topological restrictions. In proteins,
systematic computations show that the folding nuclei have
a mixture of local and nonlocal contacts (24, 66, 68).
Nonlocal contacts are required to stabilize distant parts of
the protein because the secondary structural elements are not
independently stable.
It is difficult to decipher the nature of the folding nuclei
even for simple two-state folders (69, 70). Theoretical
arguments and computations have shown that either there is
an extended nucleus in which virtually all of the residues
form their nativelike contacts with some probability in the
TSE (71) or there are multiple folding nuclei (MFN), which
argues for a number of smaller nuclei (55, 71). According
to the MFN model, in each molecule certain contacts form
with high probability in the transition state (> 0.5 say) than
others. Mutations of these high probability contacts would
lead to a redistribution of population in the TSE without
totally disrupting the folding process. The tolerance to
mutations at many sites shows that the TSE itself should be
broad and plastic (72, 73). This suggests that, in general,
there ought to be MFN with considerable heterogeneity in
the TSE structures.
Much less is known about structures in the TSE in RNA.
Several recent experiments suggest that TSE in RNA must
also be heterogeneous (17, 28, 74, 75). The formation of
independently stable secondary structure at very low counterion concentration and subsequent assembly into tertiary
fold are expected to make the nature of TSE different in
RNA than in proteins. Because neutralization of charges on
phosphate by counterion-condensation is a prerequisite for
forming tertiary contacts TSE in RNA may be conformationally more restricted than in proteins (58).
Pathway DiVersity and the Kinetic Partitioning Mechanism
(KPM). Because of the ruggedness of the energy landscape
navigation to the NBA is impeded by pauses in kinetic traps.
The presence of kinetic traps is exacerbated, especially for
large RNA molecules (see below) (31, 76-79) and proteins
with complex folds. In these systems, the alternate misfolded
structures (25) or overstabilized parts of the native substructure (31) retard folding. The structures in the competing
basins of attraction (CBAs) could have many nativelike
features that make them long-lived under folding conditions.
From the schematic sketch of the rugged energy landscape
(Figure 2) the basic notions of KPM can be obtained. Imagine
the navigation process in which an ensemble of unfolded
molecules (U) begins to traverse the rugged energy landscape
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FIGURE 2: Schematic sketch of the rugged energy landscape
underlying proteins and RNA that fold by the KPM. The entropically stabilized high free energy states are populated under unfolding
conditions. Under folding conditions a fraction of molecules (Φ)
reaches the NBA directly. A sketch of a trajectory for a fast track
molecule that starts in a region of the energy landscape which
connects directly to the NBA is given in white. Trajectories (shown
in green) that begin in other regions of the energy landscape can
be kinetically trapped in the CBAs with probability (1 - Φ). This
small dimensional representation of the complex energy landscape
suggests that the initial conditions, which can be changed by
counterions, stretching force, or denaturants, can alter folding
pathways.

in search of the NBA. The conformations in the U states are
heterogeneous and span a range of vastly differing structures.
A fraction Φ (referred to as the partition factor) can reach
the NBA rapidly. These molecules fold rapidly without
populating any discernible intermediates. The remaining
fraction, 1 - Φ, is trapped in a manifold of discrete
intermediates {INS}. Since the transitions from the CBAs to
the NBA requires large-scale structural rearrangement for
crossing the free energy barriers the folding of this class of
molecules is slow. Thus, due to the multivalley structure of
the free energy landscape the initial ensemble of molecules
partitions into fast folders (Φ being their fraction) and slow
folders. According to KPM, the fraction of molecules that
reaches the native state fNBA(t) ) 1 - Φekfastt - ∑aie-kit (Φ
+ ∑ai ) 1) where kfast is the rate for the fast process, ki is
the rate for transition from the discrete intermediates in the
{INS} ensemble to the NBA, and ai is the corresponding
amplitude.
The partition factor Φ, which gives the yield of fast track
molecules, has been measured for a few biomolecules (Table
1). Because the energy landscape can be manipulated by
mutation, addition of cosolvents, and counterions it follows
that Φ also should respond to these changes. The value of

Current Topics

Biochemistry, Vol. 44, No. 13, 2005 4961

Table 1: Experimental Estimates of the Partition Factor Φ for
Proteins and RNA that Fold by KPM
biomolecule

Φa

τfastb

lysozyme
Tetrahymena ribozyme
U273A
RuBisCo

0.20-0.25c
0.06-0.10d
0.80f
0.05g

∼50 ms
∼1 se
∼1 s

a The fraction of fast track molecules that reach the NBA without
getting kinetically trapped. b Time scale for the fraction of fast folding
molecules. c Under the experimental conditions (acidic conditions and
T ) 20 °C) used by Kiefhaber (142) Φ ) 0.20, whereas Φ ) 0.25 at
T ) 25 °C and pH ) 5.5 (143). At neutral pH Φ is expected to be
unity. Thus, contradictory to reports in the literature (144), the
mechanism of lysozyme folding can be altered by changing external
conditions. These changes are also reflected in Tθ and Tf values which
depend on sequence, pH, and salt concentration. d Value of Φ is taken
from ref 80 for the precursor-RNA. Analysis of the single molecule
data (17) (reported in ref 81) for L-21 Sca I form of the group I intron
gives Φ ≈ 0.06. e The time constant of ∼ 1 s may be the folding speed
limit for the large group I intron. f The value of Φ for the U273A mutant
of the group I intron is taken from ref 82. g Data taken from ref 38.

Φ for the Tetrahymena ribozyme (Figure 3), estimated from
ensemble experiments and measured directly in single
molecule studies, is about (6-10)% (17, 80, 81) (Table 1).
Remarkably, a single point mutation U273A in P3 (see
Figure 3) increases Φ to 80% (82). Similarly, analysis of
single molecule FRET data L-21 Sca I construct of the group
I intron shows that preincubation in excess monovalent
cations can also alter Φ (83). From the KPM, it also follows
that if Φ is small, so that a substantial fraction of molecules
are trapped in the CBA for long times, then their transition
to the NBA might be helped by chaperones (see below).
The fast track molecules fold by a NC-like mechanism
with little pathway heterogeneity (27). The slow track
molecules reach the NBA by a multistage process that
involves formation of compact structures, search among the
misfolded ensemble {INS}, and the transition to the NBA.
Recent, single-molecule experiments of adenylate kinase
trapped in liposomes (14) and surface-immobilized group I
intron have provided direct evidence for the multistage
assembly of biomolecules with complex native folds.

Folding Rates: Size Matters. Several factors contribute to
folding rates of proteins and RNA. For proteins native
topology, which is characterized by contact order (84, 85),
is important. The role of sequence length is often overlooked
as a factor that influences the folding time τF. Given that
proteins and RNA are “evolved” heteropolymers it is not
surprising that N should play a crucial role in controlling kF
and the unfolding rate kU. For minimally frustrated sequences,
ln(kF/k0F) ∼ R ln N with R ≈ 4 at T < TF where the prefactor
k0F can be obtained using Kramers’ theory (27, 86). Because
RNA and proteins are topologically frustrated, there is
residual roughness even in two-state folders. As a consequence one finds that

ln (τF/τ0F) ≈ ∆G‡UF/kBT

(1)

where the effective free energy barrier ∆G‡UF scales as
∆G‡UF/kBT ∼ CNβ with β < 1. Using analogies to disordered systems, we (27) predicted that β ) 1/2 while others
have suggested that β ) 2/3 (64, 87). The sublinear scaling
of the effective barrier height with N naturally explains both
rapid folding (kinetics) and marginal stability (thermodynamics) of single domain proteins and perhaps of RNA (see
below).
(a) Proteins. In two papers (88, 89), the folding rates of
57 two- and three-state proteins have been analyzed using
eq 1. The fits of ln kF on N using the theoretically proposed
models show that the effective free energy barrier indeed
scales sublinearly with N. Both β ) 1/2 or 2/3 fit the data
equally well (89). The average values of the prefactor τ0F for
the two fits is in the range of 1 µs. The models yield an
0
) h/kBT (h is the Planck’s
average value of τ0F . τF,TST
constant). Recent experiments suggest τ0F ≈ 1 µs (90).
(b) RNA. In contrast to proteins the variation of kF with N
has not been examined. Experiments on hairpin formation
in oligonucleotides and helix-coil transition theories already
showed that kF must be sensitive to N. We have analyzed
the N dependence on RNA folding rates using the available
data in Table 2. Surprisingly, the rates that vary oVer 7 orders

FIGURE 3: Secondary structure of the most extensively studied group I intron from Tetrahymena. The secondary structure has a number of
paired helices indicated by P1 through P9. Upon addition of excess Mg2+ compact tertiary structure forms (shown on the right) by the
catalytic core formed by an interface involving the P5-P4-P6 and P3-P7-P8 helices. The structure of the independently folding P4-P6
domain is known in atomic detail (152). The structure on the right is a model proposed by Westhof and Michel (153).

4962 Biochemistry, Vol. 44, No. 13, 2005

Current Topics

Table 2: Folding Rates and Estimates of Free Energy Barrier for RNAa
Nb
extra-arm of tRNASer (yeast) (145)
pG-half of tRNAPhe (yeast) (145)
CCA-half of tRNAPhe (yeast) (145)
CCA-half of tRNAPhe (wheat) (145)
tRNAPhe (yeast) (145)
tRNAAla (yeast) (145)
P5abc (146)
P4-P6 domain (Tetrahymena ribozyme) (146)
Azoarcus (147)
B. subtilis RNase P RNA catalytic domain (148)
Ca.L-11 ribozyme (149)
E. coli RNase P RNA (150)
B. subtilis RNase P RNA (150)
Tetrahymena ribozyme (151)

21
36
39
39
76
77
72
160
205
225
368
377
400
414

kf (s-1)c

d
∆G‡KR
UF (kBT)

e
∆G‡TST
UF (kBT)

1 × 105
9 × 103
8.5 × 103
8 × 103
1 × 102
9 × 102

3
5
5
5
10
8

18
20
20
20
25
23

28 ∼ 50
1∼2
10 ∼ 20
6.5 ( 0.2
0.03
0.011 ( 0.001
0.008 ( 0.002
0.02

10
14
11
12
18
19
19
18

26
29
27
28
33
34
34
34

a We do not include available data for pseudoknots. b N is the number of nucleotides. c k are the RNA folding rates. The rates were taken from
f
the literature. The references are given in square brackets in the first column. d Free energy barriers are obtained using eq 1 with the prefactor τKR
0
) 0.6 µs. e Estimate of the transition state barrier using a value of the prefactor τTST
) h/kBT ) 0.16 ps.
0

FIGURE 4: Fits of ln kf as a function of Nβ with β ) 1/2 or 2/3 (ln
kf ) ln 1/τ0 - CNβ) where N is the number of nucleotides. Data
points are taken from Table 2. For β ) 1/2 (circles), C ) 0.94, τ0
) 0.58 µs, and the correlation coefficient is 0.97. For β ) 2/3
(triangles), C ) 0.30, τ0 ) 7.5 µs, and the correlation coefficient
is 0.96. Both fits show that the free barrier scales sublinearly with
N.

of magnitude depend on N (with β ) 1/2 or 2/3) as predicted
by theory. The correlation coefficients for both values of β
are in excess of 0.9. In contrast to proteins, the predicted N
dependence of kF is more closely obeyed. This may be
because the range of N in RNA changes by a factor of 20,
whereas in the proteins that have so far been studied
experimentally N varies over a much shorter range (89, 91,
92).
Using the results in Figure 4 the difficult-to-measure
prefactor k0F, which should be estimated using Kramers’
theory (27, 93), can be calculated. Using the scaling plots
KR
in Figure 4 we find that τKR
0 ≈ 0.6 µs for β ) 0.5 and τ0
≈ 8 µs for β ) 2/3. Both these estimates for the RNA folding
prefactor are nearly 6 orders of magnitude larger than the
transition state Value.
implies that the effective free
The large value of τKR
0
energy barriers from the measurements of rates alone using
transition state prefactor overestimates the activation free

energies. If the Kramers’ prefactor is used the estimated
barriers are considerably less (Table 2). The TST prefactor
is only applicable if a single bond is involved in the transition
state. While this may be appropriate for gas-phase reactions
it cannot describe folding that is determined by collective
-1 represents the rates at
events. The prefactor k0F ≈ (τKR
F )
which folding can occur without barriers, i.e., by a diffusionlimited process. Using an estimate for the most elementary
event in folding (formation of the most probable contact
between amino acids or base pairing in RNA) we arrive at
the Kramers’ estimate of 1 µs for the prefactor. Our estimate
is in accord with the typical base pairing rate (94, 95).
Initial EVents in RNA and Protein Folding. The most
profound distinction between RNA and protein folding arises
when considering the early events in the folding process. In
both cases, the radius of gyration, Rg, decreases in the
transition from the unfolded states to the native conformation.
However, the nature of events that drives the collapse
transition is markedly different in the two problems. In
polypeptide chains the aversion of hydrophobic residues to
water results in the chain forming compact structures,
whereas in RNA collapse is mediated by nonspecific
condensation of counterions (96-98).
(a) Collapse for Proteins. For certain proteins (45, 99)
and RNA, under “optimal” conditions (temperature, pH,
counterions, etc.), the collapse transition may be “specific”
(100). By specific, we mean that the mobile collapsed
conformations contain many characteristics of the native
state. Because these structures are near native, it is likely
that the transition to the native state would occur rapidly
after chain collapse. Using theoretical arguments, it was
proposed that for sequences that reach the native conformations largely by the specific collapse process τF/τc ∼ O(1),
i.e., τF does not exceed τc by more than an order of magnitude
(1 < τF/τc < 10) (27). Just as predicted theoretically, the
time scales separating collapse and folding in cytochrome c
is small i.e., τF/τC ∼ O(1) (101). The temperature dependence
of τc follows Arrhenius law that implies that there is
substantial enthalpy barrier early in the folding process (99).
The acquisition of the native structure and chain compaction
occurs simultaneously. The fast folding experiments show
that protein collapse occurs in multiple stages (27).
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For proteins that fold by the KPM, chain collapse for a
large fraction of molecules results in the formation of an
ensemble of misfolded structures that contain a number of
nonnative interactions. Such nonspecifically collapsed structures reach the native conformation by a three stage process
(44). Because kinetic partitioning occurs early in the folding
process, it is difficult to distinguish between specific and
nonspecific collapse experimentally. Recent simulations have
shown that there can be substantial non-native interactions
on time scales prior to τc (102).
(b) Multiple Stages for RNA Collapse. The polyelectrolyte
effects make chain compaction of even simple RNA molecules (tRNA for example) more complex than collapse of
proteins. The phase diagrams in the (T, C) plane already
suggests at least two intermediate phases can be populated
in the transition from fully unfolded states (single strand) to
the native conformation (Figure 1). In the intermediate
concentration regime, Ccc < C < Cm, where Ccc is the
concentration relevant for Manning condensation, we expect
structures in which the electrostatic repulsions are muted but
stable tertiary interactions are not formed. Subsequent
increase in C results in the consolidation of the native
structure. Minimally, RNA collapse must involve three
distinct time scales. On the shortest time scale, τcc, counterions condense. Under folding conditions, τcc should be
diffusion-limited so that τcc ≈ (10-8-10-6) s. In the second
stage, local structures (perhaps secondary structures with
mobile tertiary interactions) form because the electrostatic
interactions are screened. The nature of the structures in this
stage depends not only on the renormalized electrostatic
interactions but also on other forces that stabilize the native
state. This stage, which is characterized by time scale τc,
results in the largest reduction in the radius of gyration (Rg)
(103). The final stage involves consolidation of the tertiary
interactions and a further decrease in Rg. In group I intron
the compact structure that is formed at the end of the third
stage is an ensemble with varying degree of native contact.
Only a small fraction of the molecules has substantial native
structure. Recent experiments have revealed the multi-stages
in RNA collapse (96, 97, 103, 104)
Insight into the early events of RNA folding can be
obtained by simulating collapse of strongly charged polyelectrolytes. Brownian dynamics simulations of polyelectrolytes (105) and theory (106) have shown that polyelectrolyte collapse occurs in three distinct stages just as in RNA.
Using the analogy with counterion-dependent kinetics of
collapse of polyelectrolytes we have estimated that τc ≈ 0.4
ms (81) which is consistent with experiments on L-21 Sca I
form of the Tetrahymena ribozyme using time-resolved X-ray
measurements (103).
ASSISTED FOLDING
IteratiVe Annealing Mechanism (IAM) for GroEL and RNA
Chaperones. The KPM also suggests that molecular chaperones are sometimes required for biomolecular folding. Such
cofactors are recruited when spontaneous folding under
nonpermissive conditions does not lead to sufficient yield
of the native state. Thus, whenever Φ is small, as is the case
for in vitro folding of RuBisCo and Tetrahymena ribozyme,
it is logical to expect that assisted folding may be required.
The Escherichia coli chaperonin machinery GroEL/GroES
is known to assist folding of a number of cytosolic proteins.
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GroEL consists of two heptameric rings, stacked back-toback, that communicate with one another and operate in a
coordinated manner (Figure 5). The cofactor GroES, which
has a complementary 7-fold symmetry, binds to GroEL only
after ATP binding. The coordinated movements in GroEL
triggered by binding of ATP, GroES, and SP allow the SP
to reach the folded state (39, 107). Although it has been
appreciated for a long time that transient interactions with
certain proteins help RNA fold (108), only recently several
candidate RNA chaperones have been identified (109-111).
Because the annealing mechanism of chaperonin system is
much better understood, we first describe the essential steps
in the interactions of GroEL/GroES system with the substrate
protein (SP).
GroEL Nanomachine. The major role of the complete
chaperonin system is to enhance the yield of the SPs. Only
rarely is the folding rate increased by the chaperonins. Most
often the rate is either unaffected or even decreased. To
understand the global mechanism of GroEL-assisted protein
folding it is sufficient to consider the single ring, which is
the fundamental unit. In the hemicycle the single ring
undergoes a series of four sequential events (Figure 5).
(a) Capture. The promiscuity of SP interactions with
GroEL (112) suggests that various proteins in the non-native
state must present a common binding motif. A structural
feature common to almost all non-native state of proteins is
an exposed hydrophobic surface that gets buried during the
transition to the folded structure. A variety of experimental
studies have shown that the favorable hydrophobic interaction
is the major driving force for the recognition of SP by GroEL.
Transient interaction with apical domain alone is sufficient
to promote folding of nonstringent SPs (113). The mechanisms by which apical domain (referred to as minichaperone)
alone can enable refolding (114) of a few SPs is similar to
the action of a number of RNA chaperones (see Figure 6A)
(114, 115). However, the intact complete machinery is
required for assisting SP, under nonpermissive conditions
(115).
In the oligomeric construct of GroEL, the apical domain
is repeated 7-fold so that the inner surface of the GroEL
ring in the “resting” T state (which binds SP most tightly)
presents a near continuous hydrophobic surface (Figure 5).
This enables the exposed hydrophobic segment of the nonnative SP to interact favorably with the GroEL particle. Two
conditions restrict the nature of SPs that can profit by
interaction with GroEL. (i) The volume of GroEL in the T
state is about 85 000 Å3, and the diameter of the roughly
cylindrical pore is 45 Å. Thus, only proteins with molecular
mass less than about 30 kDa can be fully encapsulated in
the cavity. Much larger proteins can also form stable
complexes with GroEL. In such cases at least part of SP
must be outside the cavity. (ii) If the stability of the SPGroEL complex is less than a few kBT the complex would
not be stable enough for annealing action to commence.
Similarly, the release of SPs from an exceedingly stable
molecular complex would be too difficult. These restrictions
impose a range of stability for the SP-GroEL complex for
efficient function of the nanomachine (116).
The annealing action is intimately related to the domain
movements that are triggered by binding of SP, ATP, and
GroES. The T state has greater affinity for the SP than the
R state. The transition to the R state, which is induced upon
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FIGURE 5: The top right shows the structure of the R′′ (GroEL - (ADP)7 - GroES) state. One of the GroEL subunits is shown in the circle
on the top left. The apical domain is shown in red, the intermediate is in green, and the equatorial domain is in cyan. The hemicycle, which
is completed in about 15 s at 37 °C, in the GroEL-assisted folding of proteins is shown in the bottom. For clarity only the steps in the ligand
driven allosteric transitions in one of the rings (cis) is shown. In the initial step the substrate protein (SP) is captured by the GroEL in the
T state. This step could induce minor conformational changes in GroEL. ATP binding triggers rigid body rotation of the intermediate
domain toward the equatorial domain, leading GroEL to the R state. The R f R′ transition and GroES binding encapsulates the SP provided
it is small enough to fit to the expanded cavity. After ATP hydrolysis the R′ f R′′ transition takes place. The release of ADP, inorganic
phosphate, and the SP (whether it is folded or not) is triggered by a signal from the trans ring (not shown). Only the T T R is reversible.
All other steps in the cycle are driven.

binding of ATP to the equatorial domain of GroEL, is
entirely concerted. Simple geometric considerations show
that the T T R state is accompanied by the movement of
the SP binding sites with nonadjacent ones moving farther
than adjacent sites. The SP binding stimulates ATPase activity with the kcat per subunit being about five times greater in
the T state than in R state. Thus, the SP resists the T T R
transition. This suggests that in the process of T-to-R
transition force is exerted on the SP (117), which implies
that the annealing action of GroEL results in unfolding of
the SP (118, 119).
(b) Encapsulation. Upon encapsulation the SP goes from
being bound to GroEL to a state in which it is confined in
the volume permitted by the cavity (Figure 5). In the bound
state the microenvironment experienced by the SP is largely
hydrophobic, whereas in the sequestered state the SP is
conformationally unrestrained because of weaker interactions
with the GroEL cavity. Encapsulation is accompanied by a
series of allosteric transitions in the GroEL which constitute

the fundamental power stroke in the chaperonin cycle. The
binding of MgATP triggers the domain movements that are
exaggerated in the presence of GroES. The encapsulation
process increases the inner volume of the cavity to about
185 000 Å3. The polarity of the surface of the central cavity
undergoes a dramatic change from being hydrophobic in the
T state to hydrophilic in the R states. It remains so in this
state until reverse domain movements return GroEL to the
T state. The switching from the hydrophobic to hydrophilic
surfaces that occurs in each hemicycle results in the unfolding
of the SP. This event puts the SP in a higher point in the
free energy landscape from which it can partition either to
the folded state or be trapped in another misfolded conformation.
(c) ATP Hydrolysis. As a result of encapsulation the ATP
molecules, which are locked in the active site, are committed
to hydrolysis. At in vivo concentrations of ATP all seven
ATP are hydrolyzed in a “quantized” manner in the presence
of GroES (120). The hydrolysis of ATP serves as a timing
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FIGURE 6: (A) A generalized tertiary capture model for protein-assisted (CBP2) RNA folding. This scheme closely resembles the one
proposed by Garcia and Weeks (136). In this “passive” model the unfolded RNA rapidly collapses upon addition of multivalent counterions
(valence greater than one). Protein (in blue) that binds by a diffusion-limited reaction leads to an ensemble of fluctuating protein-RNA
complex. Protein binding restricts fluctuations in RNA. The structures in the protein-RNA can transiently unbind (shown as {I′′NN}), which
allows the RNA to fold in a restricted volume. This process of binding and transient release (the annealing action) leads to the assembly
competent RNP on long time scale. (B) Iterative annealing mechanisms for RNA chaperones. The binding of CYT-18 to misfolded RNA
structures produce an ensemble of CYT-18-RNA complex. This step is similar to the events leading to {I′NN} in panel A. Binding of
CYT-19 (shown in the second reaction step) to the mobile CYT-18-RNA structures results in a change in the structure of RNA. The free
energy of ATP hydrolysis can place the RNA in a higher region of a free energy landscape from which it can kinetically partition to the
RNP (probability in Φ) or can reach another CYT-18-RNA-CYT-19 complex (probability 1 - Φ). The cycle is iterated (blue region)
until sufficient yield is obtained.

devise that controls the lifetime of the encapsulated state.
Just as in other molecular machines (molecular motors or
F1-ATPase) the power stroke of the nanomachine is associated with binding of the cofactors. Mutations in GroEL and
addition of electrolytes can presumably alter the lifetime of
the R′′ state which in turn can have a profound effect on the
annealing function of GroEL. In the extreme case, the single
ring mutant (SR1) can artificially lock GroEL into the R′′
state which in effect enables the SP to fold under confinement. Note that even in the SR1 mutant, with infinite lifetime
for the R′′ state (Figure 5), the SPs microenvironment
changes once which is sufficient to enable near complete
folding of even stringent SPs (RuBisCO for example)
(121).
(d) Ligand Release and Domain Relaxation. The binding
of another SP molecule to the distal trans ring takes place
only after ATP hydrolysis in the cis ring. The release of all
three ligands GroES, SP (folded or not), and ADP is triggered
by ATP binding to the trans state. The rate of release of the

ligands is a complex function of the concentration of ATP
and whether a SP binds to the trans ring. Upon release of
the ligands from the cis ring GroEL relaxes to the starting T
state. The hemicycle then starts in the trans ring. In one round
or iteration of binding, encapsulation, and release the SP
reaches the native with an yield Φ. If Φ is small then the
process is iterated several times until a sufficient amount of
native state is generated. The number of iterations needed
to obtain sufficient yield of the native state depends on a
variety of factors related to the coupling of the dynamics of
allosteric transitions and the rates of SP folding.
Scenarios for Protein-Assisted RNA Folding. The principal
role of chaperones is to assist in the resolution of the
multitude of alternative misfolded structures so that sufficient
yield of the native material is realized in biologically viable
time. A number of studies have implicated proteins in RNA
folding. (1) Since the pioneering studies by Karpel and
Fresco (108) it has been realized that proteins can facilitate
in renaturating RNA. (2) Self-splicing of Tetrahymena pre-
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rRNA occurs nearly 50 times faster in Tetrahymena cells
than under in vitro conditions (122, 123). (3) Interestingly,
splicing of the intron in E. coli is also as fast as in
Tetrahymena cells (124, 125), which suggests that species
specific mechanism is not operative in cellular RNA folding.
It is likely, as model in vitro RNA assembly shows, that
faster cellular splicing must be assisted by proteins or other
cofactors. Unlike the well-identified chaperonin system for
proteins there does not appear to be a “one-size fits all”
protein that acts as RNA chaperones for a diverse class of
RNA molecules.
For purposes of discussion let us classify RNA molecules
that require proteins (or other RNAs) to fold into two classes.
Although this is an oversimplification it allows us to consider
assisted folding in two distinct limits. The class I RNAs may
be those whose in vitro folding is greatly aided by protein
cofactors but their assistance is not strictly required. An
example is mitochondrial bI5 group I intron which can fold
in 50 mM or greater Mg2+ at room temperature but
interactions with cytochrome b pre-mRNA processing protein
2 (CBP2) allows folding at physiological levels (≈7 mM)
of Mg2+ (126, 127). The well-studied Tetrahymena ribozyme
and other group I introns may belong to stringent class II
substrates by which we mean spontaneous folding, even at
high counterion concentration is too slow, to be biologically
viable. For this class of RNA molecules “active” interaction
with protein cofactor (128, 129), including perhaps ATP
hydrolysis (128), is required to produce splicing competent
structures. Similarly, proteins that interact with RNA to assist
folding may also be classified into two classes. Proteins such
as CBP2 appear to interact specifically with only a subgroup
of group I introns whereas Neurospora Crassa mitochondrial
tyrosyl tRNA synthetase (CYT-18) is more promiscuous
(130, 131). These observations suggest that the details of
ribonucleoprotein assembly can vary greatly depending upon
the RNA sequence and on the nature of interactions with
the protein.
Because of the variations in the interactions of the proteins
with the RNA there are possibly several scenarios of proteinassisted RNA folding. At a global level, it appears that the
IAM (or a variant) for chaperonin-mediated folding can also
be used to explain the role of RNA chaperones. Following
the observations in an insightful note by Herschlag (109),
who was the first to draw analogies to protein chaperones,
we envision two distinct scenarios for protein-assisted RNA
assembly.
PassiVe Assistance. A key advance in understanding
protein-assisted ribonuleoprotein assembly was made in the
studies initiated by Weeks and Cech (126) who probed
splicing reactions in bI5 group I intron from yeast mediated
by CBP2. The initial studies (126, 127) and subsequent
reports by Weeks and co-workers (132, 133) showed that
efficient folding of the RNA occurs by a tertiary structure
capture mechanism (134, 135). According to this model,
CBP2 binds to a partially folded nativelike RNAs. The twostep assembly of the RNP complex (126), namely, the
formation of the catalytic core by association of the
conserved P5-P4-P6 and P7-P3-P8 domains of group I
intron (Figure 3), and subsequent assembly of 5′ domain of
bI5 core, can also be achieved by the noncognate Neurospora
crassa mitochondrial tyrosyl tRNA synthetase (CYT-18
proteins) (130). In contrast to CBP2 a stable CYT-18-bI5
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complex can form early in the RNA folding process. Thus,
the promotion of splicing competent structures by CYT-18
and CBP2 may occur by a similar process but could differ
in the assembly pathways (130).
A generalization of the tertiary structure capture model,
which is very similar to the mechanism proposed by Garcia
and Weeks (136), is necessary based on the following
considerations. (1) Theory (81) and experiments (103)
suggest that group I introns (L-21 Sca I for example) form
compact structures on 0.1 s time scale. (2) Buchmuller and
Weeks (133) showed that CBP2 binds to bI5 intron even at
low (<3 mM) Mg2+ concentrations, which is sufficient to
produce an ensemble of collapsed RNA structures. The
revised model is based on the premise that the rapid collapse
of RNA produces a manifold of compact structures all of
which are targets for binding to CBP2. Thus, on time scales
less than about 2 min, the estimated time for CBP2-assisted
nativelike structure to form at 7 mM Mg2+ (over a wide
temperature range) (130), an ensemble of fluctuating CBP2bI5 complex can form (Figure 6A). The stabilities of these
structures can vary and some of them can rapidly interconvert
among each other. The structures probably differ only in the
interface between CBP2 and the 5′ domain of the intron
intron.
If a manifold of entropically stabilized CBP2-bI5 complex
forms rapidly how does CBP2, at long times, facilitate
folding at low Mg2+ concentration? If the association
between CBP2 and the collapsed bI5 structures is too weak
then the large bI5 conformational fluctuations can produce
long-lived metastable kinetic traps. In this situation CBP2
or CYT-18 would have little effect on RNA folding. In the
opposite limit, transient unfolding in the bI5 conformations,
which may be needed for the transition from misfolded
structures to the NBA, would be prohibited. Thus, an optimal
stability of the CBP2-bI5 complex is needed to produce
efficient RNA folding. In this picture, CBP2 essentially
reduces the entropic barrier to RNA folding by dynamically
“confining” it to a smaller folding volume. In other words,
the protein cofactor “crowds” the RNA that results in an
increase in stability and folding rates. An immediate consequence of this model is that enhancing the interaction
between protein and RNA (say, by altering the nature of
counterions or suitable mutations in CBP2 or RNA) would
alter folding efficiency.
The entropy barrier version of the tertiary capture mechanism can be tested using single molecule FRET experiments
that can monitor the RNA states starting from collapse time
scales τc ≈ 0.1 s. If this picture is correct, we would expect
large fluctuation in the time dependence of the FRET
efficiency. A distribution of FRET values, characteristic of
collapsed conformations, would be evidence of manifold of
compact states that can interact with the protein. Although
we have described CBP2-assisted bI5-folding in detail, we
expect a similar short time description to hold good for
CYT-18 induced folding of group I introns.
“ActiVe” Role for Proteins in RNA Folding. Recent
experiments show that proteins play an active role in rescuing
kinetically trapped RNAs. The E. coli protein StpA assists
folding of thymidylate synthase (td) group I intron by
partially unfolding a compact RNA structure (129). In an
important set of experiments Lambowitz and co-workers
(128) showed CYT-18 and the DEAD-box protein CYT-19
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(belonging to the ATPase family) work in a coordinated
manner by utilizing ATP hydrolysis to promote splicing of
Neurospora crassa group I intron. While the CYT-18 alone
can rescue N. crassa mt group I intron at 37 °C, CYT-19 is
required for efficient splicing at the normal growth temperature (25 °C). The “unfoldase” activity of StpA and temperature sensitive ATP-dependent nonspecific binding of
CYT-19 is reminiscent of the way the GroEL machinery
operates in resolving misfolded states of proteins (137).
The iterative annealing mechanism can be generalized to
include the participation of protein-assisted assembly of
group I intron (Figure 6B). We envision CYT-18 binding to
the RNA to produce a manifold of conformations (Figure
6B) just as in Figure 6A. Subsequently, CYT-19 can bind
to high free energy regions of the structure in such a way as
to unfold incorrectly formed structures. Protein binding to
single-stranded (high free energy regions) RNA mechanism
was first proposed by Karpel and Fresco (108) who showed
that helix-destabilizing proteins can promote RNA folding.
Upon ATP binding and hydrolysis the RNA is placed in a
high free energy state from which it can either partition, with
probability Φ, either to the splicing competent state or
populate a non-native conformation with (1 - Φ) probability
(Figure 6B). If Φ is small then this process is iterated until
sufficient yield of the RNA complex is obtained. The IAM
for RNA chaperone activity shows that the yield of the
splicing competent complex ΨN after n iteration is (39).

ΨN ) 1 - (1 - Φ)n

(2)

Two predictions of the model are the following: (a) The
stoichiometry of ATP binding is not known. If we assume
that in each iteration one ATP is consumed then for the
experimental conditions in Mohr et al. (see Figure 5A of ref
128). For Φ ≈ 0.1 n ∼ 7 for ΨN ) 0.5. Alternatively, if the
number of ATP consumed in each iteration is known then
the turnover time (events in aqua blue regime in Figure 6B)
can be computed by measuring the time dependent accumulation of the excised intron. (b) If Φ is altered by point
mutations then the number of iteration needed for equivalent
yield should decrease. For the U273A mutant in group I
intron for which Φ ≈ 0.8 two iterations are sufficient to
drive the folding reaction to near completion.
In modeling protein-assisted RNA folding the conformational changes in proteins upon interactions with RNA are
usually not discussed. The probability of diffusion-limited
binding of protein by RNA is greatest if the capture crosssection is large. This argues in favor of binding-induced
partial unfolding of both proteins and RNA prior to complex
formation. In the context of the model in Figure 6 it is likely
that the binding-induced conformational fluctuations in both
protein and RNA persist at all times. Fluorescent labels on
the protein also would be required to reveal the extent of its
RNA-induced conformational change.
CONCLUSIONS
Even at the sequence level a polynucleotide is different
from a polypeptide. RNA is made from only four nucleotides
whereas the number of amino acids from which proteins are
synthesized is twenty. Beyond these numerical differences
there are profound variations in the chemical character of
the building blocks. The backbone of RNA is hydrophilic

just as in proteins. The chemical character of the “side chain”
of RNA, namely, the bases are predominantly hydrophobic
although they can form interbase hydrogen-bonds. In contrast, protein side chains have greater chemical diversity
(hydrophobic, polar, and charged). In this sense RNA is
closer to a homopolymer than proteins. The “homopolymer”
nature results in RNA sequence to adopt favorable alternative
structures (138). This contributes to the intrinsic ruggedness
of the energy landscape compared to proteins. The homopolymer character of RNA makes their design and structure
prediction even more difficult than the already complex
protein folding problems. At a first glance it might seem
that the constraint of Watson-Crick pairing and the inherent
stability of RNA secondary structures (9) might make RNA
folding manageable. However, database analysis shows that
roughly a half of the base pairs are involved in non-WC
structures (bulges, loops, etc.) (139). In addition, the role of
valence and shape of cations is modulating RNA secondary
structures and possibly altering them in the course of tertiary
folding are difficult to anticipate (57, 140). The homopolymer
nature can lead to a rugged energy landscape, even at the
secondary structure level (141), even for modest size
polynucleotide sequences. Despite these difficulties it is
remarkable that, at some global level, the principles of protein
self-organization are also applicable to RNA folding. We
anticipate that the cross-fertilization of ideas will lead to
conceptual framework for understanding not only folding but
also RNP assembly and protein-protein interactions.
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53. Mézard, M., Parisi, G., and Virasoro, M. (1988) Spin Glass Theory
and Beyond, World Scientific, River Edge, NJ.
54. Thirumalai, D., Ashwin, V., and Bhattacharjee, J. K. (1996)
Dynamics of Random Hydrophobic-Hydrophilic Copolymers
with Implications for Protein Folding, Phys. ReV. Lett. 77, 53855388.
55. Guo, Z., and Thirumalai, D. (1995) Kinetics of Protein Folding:
Nucleation Mechanism, Time Scales, and Pathways, Biopolymers
36, 83-102.
56. Chavez, L. L., Onuchic, J. N., and Clementi, C. (2004) Quantifying
the Roughness on the Free Energy Landscape: Entropic Bottlenecks and Protein Folding Rates, J. Am. Chem. Soc. 126, 84268432.
57. Wu, M., and Tinoco, I., Jr. (1998) RNA folding causes secondary
structure rearrangement, Proc. Natl. Acad. Sci. U.S.A. 95, 1155511560.
58. Thirumalai, D. (1998) Native secondary structure formation in
RNA may be a slave to tertiary folding, Proc. Natl. Acad. Sci.
U.S.A. 95, 11506-11508.
59. Jackson, S. E. (1998) How do proteins fold? Folding Des. 3, R81R91.
60. Garcia-Mira, M. M., Sadqi, M., Fischer, N., Sanchez-Ruiz, J. M.,
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