Chapter 2
Theory of RNA Folding: From Hairpins
to Ribozymes

D. Thirumalai(><)) and Changbong Hyeon

Abstract The rugged nature of the RNA folding landscape is determined by a number
of conflicting interactions like repulsive electrostatic potential between the charges on
the phosphate groups, constraints due to loop entropy, base stacking, and hydrogen
bonding that operate on various length scales. As a result the kinetics of self-assembly
of RNA is complex, but can be easily modulated by varying the concentrations, sizes,
and shapes of the counterions. Here, we provide a theoretical description of RNA
folding that is rooted in the energy landscape perspective and polyelectrolyte theory.
A consequence of the rugged folding landscape is that, self-assembly of RNA into
compact three-dimensional structures occurs by parallel routes, and is best described
by the kinetic partitioning mechanism (KPM). According to KPM one fraction of mol-
ecules (@) folds rapidly while the remaining gets trapped in one of several competing
basins of attraction. The partition factor @can be altered by point mutations as well as
by changing the initial conditions such as ion concentration, size and valence of ions.
We show that even hairpin formation, either by temperature or force quench, captures
much of the features of folding of large RNA molecules. Despite the complexity of
the folding process, we show that the KPM concepts from polyelectrolyte theory, and
charge density of ions can be used to explain the stability, pathways and their diversity,
and the plasticity of the transition state ensemble of RNA self-assembly.

2.1 Introduction

The landmark discovery that RNA molecules are ribozymes (RNA enzymes)
(Guerriertakada et al. 1983; Kruger et al. 1982) has triggered an intense effort to
decipher their folding mechanisms. In the intervening years an increasing repertoire
of cellular functions has been associated with RNA (Doudna and Cech 2002). These
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include their role in replication, translational regulation, viral propagation etc.
Moreover, interactions of RNA with each other and with DNA and proteins are vital
in many biological processes. Even, the central chemical activity of ribosomes,
namely, the formation of the peptide bond in the biosynthesis of polypeptide chains
by ribosomes near the peptidyl transfer center, involves only RNA, leading many to
suggest that ribosomes are ribozymes (Nissen et al. 2000; Yusupov et al. 2001). The
appreciation that RNA molecules play a major role in a number of cellular functions
has made it important to establish the structure — function relationship. Thus, the
need to understand, at the molecular level the ribozyme activity, inevitably leads to
the question: How do RNA molecules fold?

In little over a decade great success has been achieved in an attempt to answer this
question because of progress on a number of fronts. The number of experimentally
determined high resolution RNA structures (Ban et al. 2000; Cate et al. 1996; Nissen
et al. 2000; Yusupov et al. 2001) continues to increase which has enabled us to under-
stand the interactions that stabilize the folded states. Single molecule (Ma et al. 2006;
Onoa et al. 2003; Russell et al. 2002b; Woodside et al. 2006; Zhuang et al. 2000) and
ensemble experiments (Zarrinkar and Williamson 1994; Koculi et al. 2006; Pan et al.
1999) using a variety of biophysical methods combined with theoretical techniques
(Thirumalai and Woodson 1996; Thirumalai and Hyeon 2005) have led to a concep-
tual framework for predicting various processes by which RNA molecules fold.

There are two aspects to RNA folding. The first is the prediction of the folded
structures from sequence (Hofacker 2003; Zuker and Stiegler 1981). The second
problem concerns the mechanisms by which assembly of the three dimensional
functionally competent structure forms, start from the unfolded conformations. In
this chapter we describe the folding mechanisms from the energy landscape per-
spective with focus on the polyelectrolyte aspects of RNA.

At a first glance it might appear that the RNA folding problem should be simple
at least in comparison to the better investigated problem of protein folding (Tinoco
and Bustamante 1999). However, there are several reasons why RNA folding is a
difficult problem.

1. The building blocks of RNA are the four nucleotides each with a base, ribose,
and phosphate groups. The bases (two purines and two pyrimidines), that are
chemically similar, interact with each other either through hydrogen bonding or
base stacking. The secondary structural elements (helices, loops, bulges) are
independently stable which gives the impression that the three dimensional
assembly is built much the same way as complicated architecture using prefab-
ricated building blocks. However, the difficulty arises not only because of the
chemical similarity of the nucleotides but also due to the polyelectrolyte nature
arising from the charged phosphate groups.

2. The bases, their ability to form hydrogen bonds through Watson—Crick (WC)
pairing withstanding, are all hydrophobic. The uniformity of the hydrophilic
backbone along with lack of diversity in the bases make RNA closer to a
“homopolymer” than polypeptide chains (Thirumalai and Hyeon 2005). The
“homopolymer” nature of nucleic acids results in RNA structures being able to
adopt alternate structures i.e., the stability gap between the folded and the other
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Fig. 2.1 View of the states of RNA as a free energy spectrum. The conformations in the NBA are
separated from those in the competing basins of attraction (CBA) by the stability gap A. The
structures in the CBA, while misfolded, can have many native-like features. Rapid folding without
long pauses in the CBAs is likely if A/k, T >> 1. Figure adapted from (Guo et al. 1992)

misfolded structures is not large (Fig. 2.1). As a result, the energy landscape
of RNA, even at the secondary structural level, is rugged containing many
metastable conformations that serve as kinetic traps.

3. At some level, WC base pairing does simplify the prediction of RNA secondary
structures. However, not all nucleotides are engaged in WC base pairing.
Analysis of RNA secondary structures shows that the number of base-pairs (V)
varies with sequence length N as N, = 0.27 x N. The linear growth of N, with
N with slope 0.5 is expected if all the nucleotides are engaged in Watson—Crick
base pairings. However, the slope is only 0.27 (Dima et al. 2005). This shows
that 46% of the sequence, which is computed using N, /N = (1 —x)/2, constitute
non-pairing regions such as bulges, loops, dangling ends, and other motifs. The
bulges and loops are important structural elements that glue the independent
helices together to make the RNA structures compact.

4. Finally, the folding mechanisms can be greatly altered by changing the nature of
counterions which makes it necessary to consider explicitly the polyelectrolyte
nature of RNA. In particular, the important role of valence, shape and size of the
counterions (Koculi et al. 2004, 2006, 2007) in modulating the secondary structures
and possibly altering them during the course of tertiary structure formation, are dif-
ficult to predict (Chauhan and Woodson 2008; Thirumalai 1998; Wu and Tinoco
1998). The varying flexibilities of different regions of RNA, the homopolymer char-
acter of the building blocks, the key role of counterions in the folding process, and
the presence of alternate structures render RNA folding a challenging problem.

2.2 Structural Characteristics of RNA

Determination of the size, shape, flexibility, and base-pairs statistics in RNA native
structures, is important in understanding the nature of packing in folded structures
and also in elucidating interaction between RNA and DNA or proteins. Analysis of
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the RNA native structures available in the Protein Data Bank (PDB) can be used to
infer the general characteristics of the shapes and flexibility of folded RNA.

Native Structures are Compact: If RNA structures are compact then their volumes
are expected to scale as V ~ R* ~ @’N, where R, is the radius of gyration, a is an
effective monomer length. More generally, Flory showed that R, ~ aN” where the
Flory exponent v = 1/3 for maximally compact structures, v = 1/2 for polymers in ©-
condition, and v = 3/5 for flexible polymers in good solvents. As RNA is a polyelec-
trolyte valence, shape, and concentration (C) of counterions can alter solvent quality,
and hence R .. At low C, RNA is expanded and the transition to a compact structure
occurs only when C exceeds the midpoint of the unfolded to folded transition.

Computation of the sizes of RNA structures using the PDB coordinates reveals
that R, follows the Flory scaling law, namely, R; = a N7 A (Hyeon et al. 2006).
The pre-factor, a, = 5.5 A, corresponds approx1mately to the average distance
between the phosphate groups (=~5.8 A) along the ribose-phosphate backbone. For
a given N, the approxunate volume of RNA is larger than that of proteins whose R,
scales as R, = 3.1 N'? A (Dima and Thirumalai 2004; Hyeon et al. 2006). In other
words, RNA molecules are more loosely packed than proteins, which are probably
linked to their folding being dependent on accommodation of counterions to form
compact structures. The difference is due to the larger size of the nucleotides com-
pared to amino acids and the nature of interactions that stabilize the folded states
of RNA and proteins.

Folded RNAs are Prolate Ellipsoids: Even though folded RNAs are compact, as
assessed by R, substantial deviations from sphericity have been found. When the
shape of RNA molecules is characterized by the asphericity A and the shape param-
eters S that are computed using the eigenvalues of the moment of inertia tensor
(Aronovitz and Nelson 1986; Hyeon et al. 2006), we find that a large fraction of
folded RNA structures are aspherical and the distribution of S values shows that
RNA molecules are prolate. The prolate ellipsoid shape of RNA renders their dif-
fusion intrinsically anisotropic. The observed difference between shapes of RNAs
and globular proteins is primarily due to the nature of interactions that stabilize the
folded structures of RNA and proteins. Packing in RNA is not only determined by
the favorable interactions between nucleotides but also by counter-ion mediated
long-range interactions. The volume excluded by counterions affects packing, and
consequently the shape of RNA structures.

Persistence Length of RNA shows Similarity to Polyelectrolytes. From the poly-
mer perspective, flexibility of RNA is best assessed by its persistence length, lp, and
its dependence on the changes in ionic strength. The overall compact RNA structure
is formed by gluing together flexible (loops and bulges) and stiff helical regions.
Despite the potential variations in the flexibility it is useful to obtain estimates of the
global lp. The total persistence length of RNA may be written as lp = lpO + lpe1 where
lp0 is the intrinsic persistence length and [ ¢ is the electrostatic contribution. If RNA
were a polyelectrolyte then [ & = [, /4 A% where the Bjerrum length [, = e’/4mek,T
(e is the unit of charge, ¢ is the dielectric constant, kB is the Boltzmann constant, and
T is the temperature), for monovalent couterions x> = 87t/ I ( is the ionic strength),
and A is the average distance between the charges (Odijk 1977; Skolnick and Fixman
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1977). The l values can be obtained from the distance distribution functions, which,
for folded RNA molecules, can be directly computed using the PDB coordinates.
The persistence length of the folded RNA can be extracted by fitting, for /R > 1,
the distance distribution function P(r), which is computed using the coordinates
of the folded RNA, to the wormlike chain model P, ( r)~exp{—1/(1—(lpr/RGz)2)}
(Caliskan et al. 2005; Hyeon et al. 2006). The persistence length is scale-dependent
and varies as | = 1.5 N*¥ A (Hyeon et al. 2006). The dependence of I, on N implies
that the average length of helices with stacks should increases as N grows.

In principle, as the counterion concentration decreases the changes in lp can be
secured by obtaining P(r) using Small Angle X-ray Scattering (SAXS) experiments.
To date, SAXS data is available for only a few RNA molecules (Azoarcus ribozyme
(Rangan et al. 2004), RNase P (Fang et al. 2002), and Tetrahymena ribozyme
(Russell et al. 2002a)). Surprisingly, analysis of P(r) for Azoarcus ribozyme and
RNase P showed that the distance distribution function is well fit using P, (r) for
the WLC model. As the concentration of Mg* and oNa+ decreases lp increases
(Caliskan et al. 2005) for Azoarcus ribozyme, lp ~ 21 A in the unfolded state, and
l ~ 10 A in the compact folded state. It is noteworthy that l &2 which is predicted
for polyelectrolytes (Odijk 1977; Skolnick and Fixman 1977) do not have globally
compact folds like RNA molecules. Thus, not only does lp change dramatically as
RNA folds, but it also exhibits the characteristics of polyelectrolytes especially at
low ionic strength. Thus, how the polyelectrolyte problem is solved in RNA remains
a key problem.

2.3 Rugged Folding Landscape and the Kinetic Partitioning
Mechanism

The observed multiple folding routes and the associated heterogeneity of folding
pathways can be anticipated from the energy landscape perspective (Thirumalai and
Woodson 1996). The states for RNA (or for proteins for that matter) can be repre-
sented as a free energy spectrum (Guo et al. 1992). If the free energy gap (A in
Fig. 2.1) is large, then trapping in one of the many Competing Basins of Attraction
(CBAs) is not very probable. The presence of many alternate structures implies that
the stability gap (especially when scaled by N) for RNA is not very large. As a result,
RNA folding landscape is rugged (Fig. 2.2a), and is characterized by the presence of
multiple minima that are separated by free energy barriers of varying heights.

The rugged nature of the energy landscape arises due to the presence of several
competing interactions. Favorable hydrophobic stacking, and tertiary interactions
favor chain compaction while the negatively charged interactions are better accom-
modated by extended structures. As a result RNA molecules are “frustrated” because
not all interactions involving a given nucleotide can be simultaneously satisfied.
In addition, the polyelectrolyte nature of RNA also induces topological frustration.
The formation of stable secondary structures is largely driven by interactions on
“local” scales in which the persistence length is comparable to the Debye screening
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Fig. 2.2 (a) Schematic sketch of the rugged folding landscape of RNA. Conformational entropy
and electrostatic repulsion between the phosphate groups favor the high free energy unfolded
structures at low ionic strength. Under folding conditions a fraction of molecules (@) reach the
NBA directly. A sketch of a trajectory for a fast track molecule that starts in a region of the energy
landscape and 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-@). The low dimensional representation of the complex energy landscape suggests
that the initial conditions, which can be changed by counterions, stretching force, or denaturants,
can alter the folding pathways. (b) Representation of RNA folding by KPM. Based on theory it is
suggested that the fast track molecules specifically collapse into near native-like structures that
rearrange to the native state without being trapped in the CBA. In contrast, the slow track mole-
cules collapse to one of the manifold of misfolded structures. The collapse time scale, that depends
on the nature of ions, for fast and slow track molecules, is similar. A spectrum of rates determine
the transition from the CBAs to NBA (See figure insert for colour reproduction)

length. Compact folded structures result from the packing of locally formed second-
ary structures. Because there are multiple ways of assembling the stable secondary
structures, several misfolded compact tertiary structures can form readily.

The incompatibility of the metastable misfolded structures that may share many
of the correct secondary structures and the global stable fold, result in topological
frustration. The folded structure may be thought of as the least frustrated and hence
the most stable. From the perspective of topological frustration it follows that even
the secondary structures can rearrange in the course of forming the global fold as
was demonstrated in the context of P5abc formation (Wu and Tinoco 1998). In
other words, organization of tertiary interactions might force the correct formation
of even the secondary structures, as illustrated sometime ago using PSabc and more
recently in the case of tertiary structure formation of a self-splicing group I intron
in Azoarcus pre-tRNA (Chauhan and Woodson 2008).

The kinetic consequence of the rugged energy landscape is that folding is greatly
impeded by long pausing in the CBAs. The structures in the CBAs could have many
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native-like features that make them long-lived under folding conditions. The diver-
sity in the folding trajectories that leads to the kinetic partitioning mechanism
(KPM) is best illustrated using the sketch of the energy landscape (Fig. 2.2b).
Under folding conditions (excess Mg**) the heterogeneous population of unfolded
molecules navigates the rugged energy landscape in search of the NBA (Fig. 2.2a).
A fraction (@) of unfolded molecules reaches the NBA rapidly without being
trapped in any of the CBAs (Fig. 2.2b). The precise value of @ depends on the
sequence as well as external conditions, and is an indicator of the size of the NBA
that in turn is determined by the extent to which a given sequence under specific
ionic condition is frustrated. The remaining fraction, (1-®), gets kinetically trapped
in one of the many CBAs. The transitions from the CBAs to the NBA might require
large conformational changes, and hence involve overcoming substantial free
energy barriers. Consequently, the transition rate CBA — NBA might be extremely
slow depending on the extent of structural rearrangement required to reach the
folded state. Because there are many kinetic metastable states, several rate con-
stants are needed to fully describe the CBA — NBA transition. Thus, with the multi-
valley structure of the free energy landscape, the initial ensemble of molecules
kinetically partition into fast folders (& being their fraction) and slow folders. From
the KPM it follows that the fraction of molecules that reach the NBA at time 7 is
JSaga = 1-® exp(=k;, )-Zaexp(—k, 1) where ki, is the rate of reaching the NBA from
the unfolded conformations for the fast folders, ki is the rate of transition from the
ith CBA to the NBA, and q, is the corresponding amplitude.

Experimental Evidence. In key experiments, Zarrinkar and Williamson
showed that the slow folding of Tetrahymena ribozyme is due to the presence of
multiple long-lived metastable intermediates (Zarrinkar and Williamson 1994).
This ribozyme, which has become the workhorse of group I intron folding, is
roughly made up of two subdomains containing paired (P) regions P4-P6 and
P3-P7 (Fig. 2.3). Using kinetics of oligonucleotide hybridization, two discrete
intermediates along the presumed hierarchical folding pathway was identified.
One of them is I, (folded P4-P6) and the other is I, in which both the major sub-
domains are nearly formed. Thus, in this picture, RNA folds through well-defined
intermediates some of which are dependent on Mg?*. The rate-limiting step is the
association of the two major subdomains.

The possibility that @ < 1 implies that folding of RNA, regardless of the com-
plexity of the fold, must occur by parallel pathways as predicted by KPM. The key
prediction of KPM is that there must be a direct pathway from Unfolded Basin of
Attraction (UBA) to the NBA. The evidence that Tetrahymena ribozyme folds by
KPM was first provided by Pan et al. using a combination of theory and experi-
ments (Pan et al. 2000; Thirumalai and Woodson 1996). Using native gel assay to
measure the time-dependent increase in the population of the NBA under folding
conditions and theoretical estimates for the rate of fast track molecules it was
shown that @ ~ 0.08 for the precursor RNA. Thus, about 8% of the initially
unfolded molecules reach the NBA without being kinetically trapped while the
majority of the misfolded molecules fold through multiple intermediates. The results
by Pan et al. also showed that addition of urea can modestly accelerate the rates of
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Fig. 2.3 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 Mg transition to compact tertiary structure, occurs (shown on the right) that is stabilized
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 (Cate et al. 1996).
The structure on the right is a model proposed by Westhof and Michel (Lehnert et al. 1996) (See
figure insert for colour reproduction)

escape from the misfolded conformations. Subsequent studies have used urea as an
analytic probe of RNA stability (Sosnick and Pan 2003) in much the same way as
itis done in protein folding studies. Another key prediction of the KPM is that point
mutations can alter @. Remarkably, a single point mutation U273A in P3 increases
@ to about 80% (Pan et al. 2000). Thus, the mutation greatly reduces the kinetic
possibility of being trapped in AltP3 that impedes folding of the wild type.

The most direct evidence for KPM was provided by using single molecule
experiments that probes fluorescent energy transfer (FRET) efficiency (E) between
two dyes attached to the 3" and 5" ends of the Tetrahymena ribozyme (Zhuang et al.
2000). The value of E is high (x1) in the NBA whereas in the UBA E is low
because the dyes are, on an average, far apart. Thus, under various folding or
unfolding conditions, time-dependent changes in E in the FRET signal can be used
as a reporter of the folding reaction. Addition of excess Mg** to initially unfolded
molecules initiates the folding process. Under folding conditions E increases and
the time needed to reach high E for the first time is the first passage time, t,, for the
ith RNA molecule. From the distribution of first passage times, P_(f), for an
ensemble (in practice 100 molecules will suffice) of unfolded molecules, the prob-
ability that a molecule remains unfolded at time ¢ is P (f) = 1= P, (s) ds. Using the
measured P (s) with single molecule FRET technique (Zhuang et al. 2000) the
calculated P (7) is best fit using a sum of two exponentials for the 400 nucleotide
L-21 ribozyme (Thirumalai et al. 2001). The partition factor @ ~ 0.06. In other
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words, only 6% of the molecules fold rapidly by fast track without being kinetically
trapped. It is worth noting that @ for both L-21 is similar to the estimate for the
pre-RNA, which suggests that the folding trajectories for the fast track molecules
are similar.

2.4 Hairpin Formation Occurs by Multiple Routes

The relatively small stability gap between the native state and alternate misfolded
or native-like conformations (Fig. 2.1) suggests that the folding landscape of even
hairpins with a simple loop and a stem is rugged. The possibility of misfolding, at
the secondary structural level, was already established in the context of tRNA fold-
ing, over 40 years ago (Lindhal et al. 1966). As a result, hairpin formation, when
examined in detail, need not follow the classical two-state kinetics. Indeed, a series
of recent experiments show that the kinetics of hairpin formation in RNA or ss-
DNA is best described as a multi-step process (Jung and Van Orden 2006; Ma et al.
2006, 2007), thus challenging the conventional premise that small nucleic acid
hairpins, fold in a two-state manner (Bloomfield et al. 2000; Tinoco et al. 2002;
Turner et al. 1988).

The signatures of multi-state folding/unfolding are reflected in the kinetic data
of ultra fast 7-jump experiments that can discern the metastable intermediates.
Multiple probes attached to the same molecule revealed that the folding is achieved
through a series of dynamic steps that occur on vastly different time scales (Jung
and Van Orden 2006; Ma et al. 2006, 2007). In contrast, single molecule force
experiments (Liphardt et al. 2001; Woodside et al. 2006) showed that, when the
ends of molecule are held at the transition mid-force (f, ), the hairpin stochastically
hops between the two discrete values of end-to-end distance (R). The statistics of R
exhibits a bimodal distribution without signatures of populated intermediates.
However, when refolding is initiated by relaxing the applied force (f), metastable
intermediates manifest themselves. By varying f, transitions from these misfolded
structures to the folded structure can be facilitated — a process that is reminiscent
of annealing by raising temperature.

To illustrate the consequences of the rugged folding landscape of nucleic acid
hairpins, we simulated both thermodynamics and kinetics of RNA hairpin in detail
by varying temperatures and mechanical forces using a coarse-grained Three
Interaction Site (TIS) model (Hyeon and Thirumalai 2005, 2006). The TIS model
simplifies the structural details of a nucleotide into the three coarse-grained interac-
tion centers representing base, ribose, and phosphate group. Using the 22-nucleotide
(nt) PSGA RNA hairpin (PDB ID: 1EOR) as a model system, we characterized the
equilibrium ensemble of the RNA hairpin over the broad range of 7 and f condi-
tions, and also simulated the relaxation dynamics of RNA hairpin under 7 and f-
jump/quench conditions (Hyeon and Thirumalai 2008). The dynamics of RNA
hairpins are monitored using two order parameters, i.e., the end-to-end distance (R)
and the loop dihedral angles () that can best describe the characteristics of the



36 D. Thirumalai, C. Hyeon

molecule. Here, ¢ = 1-cos(¢~¢,") where ¢, is the value of the ith dihedral angle in
the GAAA tetraloop in the TIS representation of PSGA, and ¢, is the correspond-
ing value in the folded structure (Hyeon and Thirumalai 2008).

The equilibrium free energy surface expressed in terms of (R, @) is characterized
by two basins of attraction at the locus of critical points (7, ). Away from the
critical condition, only one basin of attraction dominates. The free energy surface
succinctly explains the origin of sharp bimodal transition between the folded and
unfolded state when the RNA hairpin is subject to force. Thus, from thermody-
namic consideration, hairpin formation can be described as a two-state system (see
Hyeon and Thirumalai 2008 for details).

The refolding kinetics can be initiated by either a temperature (7) quench from
high Tto T< T, orby aforce quench to f<f, . Surprisingly, in both cases the kinetic
folding pathways cannot be inferred from the free energy landscape. The RNA
hairpin reaches the native state via multiple steps as observed in the recent kinetic
experiments using high resolution 7-jump experiments (Fig. 2.4). The expectation
that kinetics can be gleaned from the free energy surface may be valid only if the
RNA internal dynamics is rapid enough to establish quasi-equilibrium. For refold-
ing induced by for T-quench, such an assumption apparently breaks down. We find
that the folding trajectories of different molecules are distinct which implies that
there is diversity in the folding routes (Fig. 2.4).

The time-dependent changes in the order parameters R and ¢ show differences
in folding pathways between T-quench and f-quench refolding. The ensemble of
initially unfolded structures prepared by stretching the hairpin differs greatly from
the thermally unfolded conformations. The initial ensemble of fully extended
conformations, generated by forced-unfolding, is narrow and structurally homo-
geneous. The various conformations largely differ in the internal degrees of free-
dom while the overall end-to-end distance is large. Thus, the first step in the
hairpin formation from the initially stretched conformations is the tetra-loop for-
mation (Fig. 2.4), corresponding to the slow nucleation stage. Subsequent to the
nucleation step the zipping of remaining base pairs leads to hairpin formation.
Thus, hairpin is formed by this classic mechanism when folding is initiated by
f-quench.

In contrast, upon 7-quench, refolding commences from a broad thermal ensem-
ble of unfolded conformations. As a result, nucleation can originate from regions
other than near the tetra-loop. Consequently, the pathway diversity is larger when
hairpin formation is initiated by 7-quench rather than f-quench. The differences in
the folding mechanism between these two methods are entirely due to the variations
in the initial conformations. Just as folding trajectories in the self-assembly of
ribozymes can be altered by pre-incubation with Na*, here the routes to hairpin for-
mation can be precisely controlled by applying mechanical force.

The simulations show that the complexity of energy landscape observed
in ribozyme experiments is already reflected in the formation of simple RNA
hairpin (Chen and Dill 2000; Thirumalai and Hyeon 2005; Treiber and Williamson
2001; Woodson 2005). Exploring the details of the heterogeneous kinetics
requires multiple probes that control the conformations in the ensemble of
unfolded states.
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Fig. 2.4 Kinetic analysis of the refolding trajectories upon f-quench and T-quench. (a)
Conformational space navigated by the refolding trajectories projected onto the (R, ¢) plane. The
trajectories of individual molecules are overlapped onto the (R, ¢) plane. The corresponding tra-
jectories monitored using a single parameter are shown in the insets. (b) Summary of the pathways
to the NBA inferred from the dynamics depicted in (a). (c) Statistical analysis of refolding kinet-
ics. The refolding time for each molecule is decomposed into looping and zipping time as 1, =
Toop + Tipe The fraction of unfolded molecules (P () =1~ 'dtP (7)) where P_,(7) is the refolding or
first passage time distribution) is plotted in the inset. The probability of the hairpin remaining
unfolded upon f-quench P (t) shows a lag phase (left hand side of C) suggesting the presence of
an intermediate, while P "(t) is well fit using P "(t)=0.4exp(-t/62 us) + 0.6exp(~t/100us) (See
figure insert for colour reproduction)

2.5 Ion-RNA Interactions Affects Stability, Pathway Diversity
and Transition States

To fold, RNA must overcome the large electrostatic repulsion between the nega-
tively charged phosphate groups. At high temperatures ion—RNA interactions are
weak, and the gain in translational entropy makes the ions disperse homogeneously
in solution without condensing onto RNA. As a result RNA is relatively extended
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with R, ~ aN' (v = 1). A naive estimate of the electrostatic repulsion is E, ~ (Ne)*/
eR, = Nk,1(l,/a) (Thirumalai et al. 2001). Since (/,/b) > 1 it follows that £ /k T >>1
even when N is small. Therefore, under folding conditions substantial softening
of the electrostatic interactions must be achieved through the screening of the
electrostatic repulsion or counterion condensation.

Although a complete theoretical treatment of the interaction of counterions and
RNA (or other polyelectrolytes for that matter) is lacking, the qualitative aspects of
RNA-ion interactions can be understood using the Manning picture (Manning
1978). Charge neutralization is thought to result from the condensation of counte-
rions onto the charged polyanion resulting in overall minimization of the free
energy of RNA. Because folded RNA is aperiodic with irregular grooves the elec-
trostatic potential is non-uniform. As a result, the condensed ions can be grouped
into distinct classes. Examination of crystal structures of RNA, biophysical and
theoretical analysis shows that ions in the vicinity of the strong electrostatic RNA
molecule can be considered as (a) diffuse ions that are localized within the volume
of RNA or (b) discrete ions that interact specifically with certain sites in the folded
structure (Draper 2004).

The theories based on the Manning picture as well as solution to the non-linear
Poisson—Boltzmann (NLPB) equation (Draper 2004) show that bulk of the charge
neutralization is due to the non-specific association of the diffuse ions on RNA
(Heilman-Miller et al. 2001). Counterion-condensation occurs at low temperatures
because the loss in the translational entropy of the ions (viewed as unstructured
species) is compensated by a gain in the association energy between ions and RNA.
As a result of the condensation of the ions there is a substantial reduction in the
overall average charge per phosphate group. For highly charged rod ion, condensa-
tion occurs if lB/A > 1/Z where Zois the counterion Va})ence, and A, the distance
between charges which is about 3 A for poly A and 1.3 A for A-form double helix.
The estimate based on charged rods also provides a useful measure of the charge
renormalization for RNA.

A few key consequences of the Manning theory follow by treating the condensed
and free (in solution) counterions as two equilibrium phases. The chemical potential
of the free ions is u, = —k, T log ¢ where ¢ is the volume fraction of the counterions,
while the chemical potential of the diffuse condensed ions is £, = Ne Zk, T x (I,/R,)
where N is the number of nucleotides, e, (<e) is the fraction of net charge on the
phosphate upon condensation of the ions, and Z is the valence of counterion. By
equating (1, = i, we obtain Ne, = —(R /1, Z)log ¢. Using an appropriate R, value for
Tetrahymena ribozyme it turns out that nearly 90% of the charge is neutralized with
¢ = 0.01 for monovalent ions. A similar value is obtained for [CO(NH3),]** with
¢ =~ 107° (Heilman-Miller et al. 2001).

The relationship between the extent of charge neutralization and the size of the
compact structures lead to several qualitative predictions. (a) Multivalent cations
are more efficient than monovalent ions in reducing Ne. As a result the concentra-
tion of ions needed for inducing compact RNA structures decreases as Z increases.
(b) Compared to monovalent ions RNA structures formed by multivalent ions are
more compact with R, decreasing as ~ 1/Z%. (c) The more compact misfolded struc-
tures have lower free energies than those formed in the presence of monovalent
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ions. As a result the folding rates from the compact misfolded structures to the
native state should decrease as Z increases. Below we briefly discuss experiments
that have provided support to these predictions.

Stability and Valence. From the simple theoretical picture we infer that as the
valence increases the efficiency of inducing compact conformation must also
increase. Indeed, experiments show that the midpoint of transition (C, ) decreases
as Z increases. In particular, for Tetrahymena ribozyme C = 0.46M in Na*
whereas in [CO(NH3)J**, C, = 12uM (Heilman-Miller et al. 2001). Cooperativity
of the folding transition, and hence the free energy of stability of the native state
typically increases with Z although other factors such as size and shape of ions also
play an important role (see below). The crucial role played by the ion valence can
be understood by considering the electrostatic attraction between the residual
charge on the counterions and the renormalized total charge (Ne,) on RNA after
ion condensation. In the monovalent case there is only a weak dipole—dipole inter-
action between ion pairs that form when Z = 1 ion interacts with the negatively
charged phosphate groups. In contrast, multivalent ions induce attractive bridging
interactions between regions of RNA that are well separated. Such long range
interactions (oc 1/r) in the presence of multivalent ions stabilize compact structures
more effectively than monovalent ions because they can bridge two or more phos-
phate groups.

Charge Density of lons and RNA Stability. The extent of compaction depends on
size as well, and we expect variations in stability at a fixed Z but differing size.
Excluded volume interactions between condensed counterions result in spatial cor-
relations that position any two metal ions at distances greater than the sum of their
ionic radii. As a result ion size not only determines the distance of closest approach
to the negatively charged phosphate group but also affects the spatial location of
other diffuse ions. The effect of ion—ion correlation is difficult to include in theo-
retical treatments within the Manning picture and the NLPB approach (see however
Ha and Thirumalai 2003; Tan and Chen 2005; Chen 2008). However, qualitative
effects of correlations between condensed ions, due to excluded volume, on RNA
stability can be obtained using simple arguments.

As both Z and the volume (V) of the ions contribute to the distribution of ions
around the RNA, they also both determine the nature of the counterion-induced
compact states of RNA. Thus, to a first approximation, the natural variable that
should control RNA stability is the charge density { = Ze/V where Ze is the
charge and V is the volume of the cation. In accordance with this expectation,
the changes in stability of in Tetrahymena ribozyme in various Group II metal
ions (Mg?, Ca?, Ba®, and Sr**) showed a remarkable linear variation with {
(Fig. 2.5). The extent of stability is largest for ions with the largest { (smallest
V). Brownian dynamics simulations showed that this effect could be captured
solely by non-specific interaction of ions with polyelectrolytes (Fig. 2.5) in the
absence of any site-specific ion—RNA interactions. These findings and similar
variations of stability in different sized diamines (Koculi et al. 2004) show that
(a) the bulk of the stability arises from non-specific association of ions with
RNA, and (b) stability can be greatly altered by valence, shape, and size of the
counterions.
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Fig. 2.5 (Left) Stability of Tetrahymena L-21Sca ribozyme (AG, ) vs. cation charge density ().
(Right) The Brownian Dynamics simulations of polyelectrolyte collapse for the average stabiliza-
tion energy between monomer of polyelectrolyte and ion as a function of {. The remarkable linear
dependence on the left is captured by ion-induced collapse of flexible polyelectrolytes. The radius
of gyration of the collapsed polyelectrolyte (N = 120) is plotted as a function of group II metalion
size in the inset (See figure insert for colour reproduction)

Diversity of Folding Routes Depends on Initial Conditions and {. Single mole-
cule FRET experiments indicate that the time-dependent changes (E(#)) in FRET
efficiencies vary from molecule to molecule (Zhuang et al. 2000). While the aver-
ages over an ensemble of such single molecule measurements are consistent with
bulk experiments, the substantial variations might be indicative of inherent pathway
diversity. Indeed, a consequence of the KPM is that the partition factor, @, can be
altered not only by sequence variations but can also be changed by altering initial
conditions. Analysis of single molecule FRET data of L-21 Sca I construct of the
group I intron shows that preincubation in excess Na* before initiating folding
alters @. Monovalent ions induce compaction in the initial unfolded ensemble of
structures. As a result, folding commences from a region of the rugged energy
landscape that restricts the starting unfolding ensemble which differs from the more
expanded ensemble of structures in the absence of Na'. Thus, upon initiation of
folding the ribozyme assembles via different routes. The partition factor is a global
measure of the pathway diversity because @ is proportional to the number of mole-
cules that fold rapidly through a restricted channel in the folding landscape (Fig. 2.2)
without being kinetically trapped. Thus, the nature of pathways traversed depends
critically on the starting RNA structures that can be manipulated by pre-incubation
with monovalent cations.

Varying ¢ can also change the diversity of folding routes. Just as pre-incubation
with Na* leads to a more compact ensemble of initial structures the extent of col-
lapsed structures can be altered by varying . As a result, ions of differing ¢ can
modulate the diversity of folding routes. From a suitable generalization of the
Manning picture it follows that as ¢ increases, the extent of compaction of RNA
increases. From the folding landscape (Fig. 2.6) it follows that the low {-ensemble
of structures {L;} is less compact than those formed in ions with high . As aresult
the higher the entropy associated with low ¢ ions, the number of conformations in
the {I } ensemble is greater than in ions with high . Thus, we expect that folding
pathway diversity should increase when the ion charge density is low — prediction
that can be tested using single molecule measurements.
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Fig. 2.6 Coupling of diversity of the folding pathways and heterogeneity of the transition state
structures of Tetrahymena ribozyme to the charge density of counterions (£). The majority of the
ribozyme folds through intermediates in which the core P3 helix is replaced by a non-native helix
alt-P3. The pathway diversity increases as ¢ decreases (lower part of the figure). For the fraction
((1-9)) slow track molecules, the transition state ensemble (TSE) along the {U}—{I}—N path-
way becomes broader and less structured as the { decreases. Thus, the system is more dynamic in
polyamines (low {) than Mg** (high ). The fast track molecules that fold via {U}—{I }=N (®)
(upper part of the figure) first form specifically collapsed compact structure that becomes increas-
ingly native-like as the folding reaction proceeds. For {U}—{/ }—=N we suggest that the TSE is
narrow with little structural heterogeneity. The pathway diversity is expected to increase as §
decreases (See figure insert for colour reproduction)

Role of § on the Plasticity of the Transition State Ensemble (TSE). In contrast to
protein folding much less is known about the nature of TSE in self-assembly of
large RNA molecules. Only recently has there been concerted efforts to decipher
the nature of TSE in RNA folding (Bokinsky et al. 2003; Fang et al. 2002; Koculi
et al. 2006). Although it is tempting to propose a very general picture of the TSE
or the rate-limiting step in RNA self-assembly, it should be kept in mind that, just
as the nature of intermediates in RNA folding can be easily altered by changing the
properties of ions so too can the location and plasticity of the TSE (Koculi et al.
2006). Using single molecule FRET experiments of docking and undocking in
hairpin ribozyme it has been suggested that the TSE is compact in Mg?*, and per-
haps share much of the structural characteristics of collapsed native-like intermedi-
ates. By using a combination of biophysical methods it has been suggested that the
TSE for the C domain of RNase P involves reorganization of metal-ion binding
sites late in the folding process.

A much more general analysis of the TSE and its variations requires studies that
alter the valence, size, and shape of the ions. In a recent study, the variations in
folding kinetics and TSE movements were probed using concentrations of
polyamines (*H,N(CH,) NH,* with n = 2-5) as a natural perturbation of the RNA
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folding landscape. Several key observations were made: (a) The TSE is much
broader in polyamines than the Mg> which has a larger {. (b) Tons with larger {
give rise to higher free energy barriers to folding. (c) By using the Tanford /3 param-
eter it was surmised that the average location of the TSE is closer to the native state
(B closer to unity) when folded in ions with small £ These observations allowed us
to describe the general changes in the TSE as {'is changed (Fig. 2.6). At low { the
{I} ensemble is less compact with higher entropy than when ( is high. Thus, the
free energy barriers are largely determined by entropy changes at low {. By con-
trast, when ¢'is high (n = 2 in polyamine for example) the {I } ensemble is more
compact, and the free energy barrier separating the intermediates and the NBA is
largely enthalpic. Thus, by modulating the charge density of ions one can modulate
the interplay between entropy and enthalpy and control the very nature of transition
state structures in RNA folding.

2.6 Folding Rates, free Energy Barriers and Kramers
Prefactor for RNA

Besides the nature of ions, sequence length (N) also plays an important role in
determining the folding time, t,. Given that non-coding RNAs are “evolved” heter-
opolymers, it is not surprising that the N should play a crucial role in controlling
the folding rate (k). For minimally frustrated sequences, log(k/k,) ~ o log N with
o = 4 (Thirumalai 1995) at T < T, where the prefactor k; can be obtained using
Kramers’ theory. Because biopolymers are topologically frustrated, there is residual
roughness even in two-state folders. As a result, the folding kinetics characterized
with a single barrier crossing event follows the relation

log (t,/r)) = AG*  Jk, T

where the prefactor 7, that is often estimated using transition state theory (TST),
has to be determined using Kramers theory. If we assume a Gaussian distribution
for the free energy barriers with dispersion < (AG{)* > ~ N then AG; /k,T ~ NP
with B = 1/2 (Thirumalai 1995; Thirumalai and Hyeon 2005). Other arguments
predict that = 2/3 (Finkelstein and Badretdinov 1997; Wolynes 1997). The sub-
linear scaling of the effective barrier height with N naturally explains both rapid
folding (kinetics) and marginal stability (thermodynamics) of single domain pro-
teins and RNA.

In contrast to proteins (Li et al. 2004), the number of experiments for RNA mol-
ecules that report 7, as a function of N is small; hence, the variation of k_ with N
has not been examined. Experiments on hairpin formation in oligonucleotides and
helix-coil transition theories already showed that k_ must be sensitive to N. We have
analyzed the N dependence on RNA folding kinetics using the available data from
the literature (Thirumalai and Hyeon 2005). Here, we extend these calculations
using a slightly larger dataset. Surprisingly, the rates that vary over 7 orders of



2 Theory of RNA Folding: From Hairpins to Ribozymes 43

Fig. 2.7 Dependence of o——T——T—T—T71 T 71
RNA folding rates as a func-
tion of N, the number of
nucleotides. Fits of log k, as a
function of N with f=1/2
or = 2/3 are also shown
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magnitude depend on N as predicted by theory. The correlation coefficients for both
values of S are in excess of 0.9. In contrast to proteins, the predicted N dependence
of k. is more closely obeyed (Finkelstein and Badretdinov 1997; Galzitskaya et al.
2003, 2004). Using the results in Fig. 2.7, the difficult-to-measure prefactor T
which should be estimated by using Kramers’ theory, can be calculated. From the
scaling plots in Fig. 2.7 we find that 7, ~ 1.2 s for = 1/2 and 1, ~ 5.4 s for =
2/3. Both these estimates for the RNA folding prefactor are nearly six orders of
magnitude larger than the TST value (=h/k,T ~ 0.2 ps). The large value of 7, implies
that the effective free energy barriers from the measurements of rates alone using
TST prefactor, overestimates the activation free energies by ~15 k,T. The TST
prefactor is applicable only if breakage of a single bond is involved at the transition
state. While this may be appropriate for gas phase reactions it cannot describe fold-
ing that is determined by collective events. The prefactor 7, represents the time
scale in which folding can occur without barriers, i.e., by diffusion limited process.
An estimate for the most elementary event in folding (for example base pairing in
RNA) leads to the Kramers’ estimate of ~1 s for 7,. Our estimate is in accord with
the typical base pairing rate (Porschke and Eigen 1971; Porschke et al. 1973).

2.7 Conclusions

A number of factors, such as the lack of diversity of the building blocks, sequence
variations, polyelectrolyte character of the phosphate backbone, and the subtle roles
played by the ions, contribute to the complexity of RNA folding. The interplay of
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these factors are evident in the emergence of astounding variety of structures with
each fold having both regions of flexibility and rigidity — features that lend them-
selves to RNA molecules being able to execute wide-ranging cellular functions.
However, from a biophysical perspective the following features make it hard to
provide a molecular understanding of RNA folding. (a) It would seem that the con-
straint of Watson—Crick base pairing and the inherent stability of RNA secondary
structures would make RNA folding relatively simpler than the protein-folding
problem. However, nearly half of the base pairs are involved in non-WC structures,
which makes it difficult to predict even the RNA secondary structures especially
when the number of nucleotides exceeds about 50. (b) The inherent complexity of
RNA folding kinetics can be better appreciated by comparisons to the better-studied
protein folding problem. To a large extent, folded proteins are stabilized by favora-
ble interactions between hydrophobic residues that are buried in the interior. The
interactions between all the residues are short-range, and are in the order of the size
of the residues themselves (~6 A). In contrast, the ranges of interactions between
the nucleotides or the structural motifs that drive RNA folding vary greatly. The
ion-mediated interactions occur on the persistence length scale that varies from
about (1-2) nm depending on the ion concentration. Other interactions using hydro-
gen bonds between the bases and stacking interaction that stabilize various elements
of the RNA structure are shorter range in distance. The interplay of the interactions
on distinct length scales that can be altered by changing valence and size of ions
gives rise to multiple scenarios for folding. Despite these difficulties it is remarkable
that, at some global level, the principles based on KPM, polyelectrolyte theory, and
ion—RNA interactions allow us to qualitatively rationalize many puzzling aspects of
RNA folding. Developments in single molecule experiments and novel theoretical
tools will be needed to quantitatively understand the richness of RNA folding.
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