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RNA is known to exhibit a jerky dynamics, as intramolecular thermal motion, on <0.1 ps time scales, is
punctuated by infrequent structural rearrangements on much longer time scales, i.e. from >10 ps up to
a few minutes or even hours. These rare stochastic events correspond to the formation or dissociation
of entire stems through cooperative base pairing/unpairing transitions. Such a clear separation of time

I<€yW0rd$5 ) scales in RNA dynamics has made it possible to implement coarse grained RNA simulations, which predict
l‘zNAdfOlldmf dynamics RNA folding and unfolding pathways including kinetically trapped structures on biologically relevant
seudokno

time scales of seconds to minutes. RNA folding simulations also enable to predict the formation of
pseudoknots, that is, helices interior to loops, which mechanically restrain the relative orientations of
other non-nested helices. But beyond static structural constraints, pseudoknots can also strongly affect
the folding and unfolding dynamics of RNA, as the order by which successive helices are formed and dis-
sociated can lead to topologically blocked transition intermediates. The resulting knotty dynamics can
enhance the stability of RNA switches, improve the efficacy of co-transcriptional folding pathways and
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lead to unusual self-assembly properties of RNA.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

RNA folding dynamics and folding pathways have long been
suspected to play an active role in helping proper native folding
of ribozymes and structured regulatory motifs in mRNA untrans-
lated regions (UTRs) [1].

Indeed, because of their limited four-letter alphabet and strong
base pair stacking energies, RNAs are prone to adopt long-lived
misfolded structures [2], as observed for instance upon heat rena-
turation. Hence, efficient RNA folding paths leading to properly
folded structures bear an important role in the regulatory function
of non-coding RNAs and mRNA untranslated regions (UTRs) [1].

I review in this paper, some of the specificities of RNA folding
dynamics, in particular, the jerky and sometime knotty dynamics
of RNA folding/unfolding transitions. These unique features and
their implications for RNA dynamics are illustrated with some of
our recent numerical and experimental studies on synthetic or nat-
ural non-coding RNAs.

2. Jerky dynamics of cooperative base pairing/unpairing

RNA exhibits a jerky dynamics punctuated by the formation or
dissociation of entire helices through cooperative base pairing/
unpairing transitions [3,4], Fig. 1. These large but infrequent struc-
tural rearrangements occur on >10 ps time scales that are much
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longer than intramolecular thermal motion (zipping/unzipping
base pairs and backbone conformational changes) occurring on
<0.1 ps time scales. Yet, the formation of new helices remains
much faster (10-100 ps) than the time needed to synthesize a full
transcript, resulting into co-transcriptional folding pathways for
0.1s up to a few minutes depending on transcript length and
RNA polymerase. But the eventual relaxation of new transcripts
into their equilibrium structures might take much longer, e.g. min-
utes to hours or even days (that is, longer than the typical timespan
of RNA before degradation in the cell, i.e. 1 min to 1 h).

2.1. RNA folding is slow compared to intramolecular motion

The clear separation of time scales between the folding dynam-
ics of nucleic acid (>10 ps) and the rapid intramolecular thermal
motion (<0.1 us) and heat diffusion at these scales (<1072 s for
a heat diffusion coefficient of about 107 m?/s) can be directly used
to control the folded state of nanomolecular switches through ra-
pid cooling steps (>100 °C/ms) [5].

The same separation of time scales has also been used to devel-
op coarse grained dynamics simulations, which predict RNA fold-
ing pathways including Kkinetically trapped structures on
biologically relevant time scales of seconds to minutes [6-9]. Sim-
ulated folding paths then correspond to discrete series of second-
ary structures related through successive additions or removals
of single helices, Fig. 2.

Yet, for the same reason that actual RNA molecules are prone to
remained trapped in metastable structures, it happens frequently


http://dx.doi.org/10.1016/j.ymeth.2009.06.005
mailto:herve.isambert@curie.fr
http://www.sciencedirect.com/science/journal/10462023
http://www.elsevier.com/locate/ymeth

190 H. Isambert/Methods 49 (2009) 189-196

k= Kexp(-AG /KT)

+/-

Fig. 1. RNA dynamics involves cooperative base pairing or unpairing transitions
between RNA structures [3,4]. These time limiting steps of RNA folding/ unfolding
dynamics can be modelled by Arrhenius rates, corresponding to rare escapes across
transition barriers, on >10 ps up to minute or hour time scales, compared to the
much faster intramolecular thermal motion (zipping/unzipping base pairs and
backbone conformational changes) on <0.1 s time scales.

Jerky dynamics of cooperative base pairing / unpairing transitions

5 time

Fig. 2. RNA dynamics simulations follow the stochastic formation and removal of
individual helices, which are known to be the time limiting steps of RNA/DNA
folding kinetics from seminal experimental results [3,4]. The time step increment,
corresponding to the average delay until the next Arrhenius transition (Fig. 1), reads
T = Z,vki’l, where k; = k° exp — AG;[kT [6,7,9] (Fig. 1).

that simulated trajectories oscillate repeatedly between a few
structures, and only much more slowly transit to visit new config-
urations. To circumvent these local kinetic traps which can se-
verely impact the efficiency of the code, we have developed and
implemented [8,9] ‘exactly clustered stochastic simulations’ which
continuously averaged folding paths at the level of rapidly
exchanging structures (see details in Ref. [8]).

Hence, simulations of RNA folding paths [6-14], which provide
unique insights into RNA folding traps, can usefully complement
the predictions of RNA minimum free energy structures, tradition-
ally done with efficient ‘dynamic programming’ algorithms [15-
20].

In particular, RNA folding simulations can investigate co-tran-
scriptional pathways [7,9,21], that is, the folding of nascent RNA
transcripts while their sequence is still being transcribed.

2.2. RNA folding is fast compared to transcription rate

The reason why nascent RNA transcripts actually fold during
transcription is that the folding dynamics of new RNA hairpins oc-
curs on 10-100 ps time scales, which, although molecularly slow
(see above), remains much faster than the time needed to synthe-
size a full transcript, i.e. 1 s to 1 min for a 300 nucleotides (nt) tran-

script depending on the RNA polymerase used (bacteriophage
3 ms/nt; bacteria 20 ms/nt; eukaryote 200 ms/nt).

In fact, it has long been proposed [22-24] that, during transcrip-
tion, the progressive folding of nascent RNAs limits the number of
folding pathways, presumably facilitating their rapid folding into
proper native structures.

The importance of co-transcriptional folding pathways has sub-
sequently been demonstrated in a series of inspiring studies
[11,25-30,13,31-36]. In particular, the efficacy of RNA folding
pathways has been shown to depend on the type of RNA polymer-
ase used, as well as on the conditions of transcription, such as tem-
perature and NTP concentrations, which all affect the average
transcription rate [37]. In addition, specific pause sites along co-
transcriptional folding pathways were also shown to ensure proper
sequential folding into independent RNA domains [31].

More recently, we have however shown experimentally [21]
that folded domains do not simply fold sequentially and indepen-
dently from one another during transcription. Instead, efficient
folding paths actually result from intricate interactions between
helices susceptible to form at successive steps of transcription, as
early simulations already suggested [7]. In particular, we could
demonstrate, using sequence symmetries of bistable RNA switches
[21], that folding paths can be essentially decoupled from equilib-
rium structures, Fig. 3.

Hence, native and transiently formed helices can efficiently
guide co-transcriptional folding of RNA switches into different
alternative long-lived structures. Such folding path is controlled
by the order of helix nucleations and subsequent exchanges during
transcription, and may also be redirected by transient antisense
interactions, Fig. 3.

2.3. RNA relaxation is slow compared to mechanical unfolding

Yet, co-transcriptionally folded RNAs might not have relaxed
into their minimum free energy structures by the end of transcrip-
tion. This is because RNAs are proned to remain trapped in subop-
timum structures for minutes to hours or even days.

This slow relaxation dynamics has been directly observed under
micromechanical unfolding experiments of single RNA molecules,
which probe both their native and long-lived intermediate struc-
tures [38].

In particular, micromechanical stretching of the 1540-nt 16S
ribosomal RNA of Escherichia coli was found to result in a surpris-
ingly well-structured and reproducible unfolding pathway, which
could be compared to out-of-equilibrium stochastic unfolding sim-
ulations, Fig. 4 [38].

This example illustrates what should be expected, in general,
when large RNA secondary structures are probed by mechanical
force. Strong helices resist until their breaking exposes weaker re-
gions, which are unable to withstand the same high force. This
leads to the unfolding of a significant domain with a concomitant
force drop. A fraction of the unpaired bases then typically reform
different helices, which compensate, in part, for the sudden relax-
ation of the mechanical tension. Yet, force-extension responses are
not completely smoothed out, as would be expected for long RNA
sequences (>1000 nt) unfolding under quasistatic equilibrium. This
reveals the slow dynamics of large scale cooperative changes in
large RNA structures.

3. RNA pseudokneots create RNA knots

Another unique feature of RNA folding simulations is their abil-
ity to include and effectively predict the formation of “pseudo-
knots” [7-10]. Pseudoknots (Fig. 5) are helices interior to loops
which constrain the end-to-end distance of the single strands
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piezo stage displacement ——=

Fig. 4. Comparison between simulated force-extension response from the known native structure (red) and an experimental stretching curve (black) of the 1540-nt 16S
ribosomal RNA of E. coli [38]. Stretching-induced intermediates, predicted from the simulated unfolding pathway(red), are drawn starting with the known native structure of
16S rRNA. Single stranded regions under tension are not drawn for convenience, hence the overall decreasing size of the structure under stretching.
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Fig. 5. RNA structures including pseudoknots can be modeled as mixed assemblies of ideal polymer springs (corresponding to single strands) linking stiff rods (corresponding
to individual stems of the RNA structure). This allows to estimate the free energy contribution of pseudoknots in RNA structures and evaluate free energy barriers to model

and simulate RNA folding dynamics including pseudoknots [7-9].

bridging their extremities and the global orientation of other non-
nested helices, Fig. 5. Owing to their non-nested character, pseudo-
knot helices are difficult to predict through traditional free energy
minimization schemes using “dynamic programming” algorithms
[39-44], which are more adapted to hierarchical tree-like
structures.

But beyond folding dynamics vs. free energy minimization ap-
proaches, the prediction of pseudoknots requires an estimate of
their contribution to global free energy of RNA structures.

The 3D static constraints caused by pseudoknots have been esti-
mated using polymer physics approaches of increasing complexity,
from simple loop parameters [45-47] to more detailed structural
features, combining single-stranded with double-stranded regions
[7,9,48-50]. In particular, the entropic stretching of single strands
and the global correlation between helix orientations have been
evaluated by modeling RNA helices as stiff rods and single-
stranded regions as polymer springs, Fig. 5.

But beyond these static structural constraints, which mechani-
cally restrain the relative orientations of other helices, pseudo-
knots can also strongly affect the folding dynamics of RNA. This is
because the order by which successive helices are formed and dis-
sociated in an RNA structure can lead to topologically blocked, or
knotted, transition intermediates [9], Fig. 6.

In other words, pseudoknots, which are not themselves entan-
gled, do nonetheless create topological entanglements, or knots,
in RNA structures. Yet, the entanglement of a ‘knotted’ helix does

not require that one single strand is threaded through a loop of
the RNA structure, as might be expected at first sight to make a
knot. Instead, knotted helices are simply trapped by their own
helicity and a nearby pseudoknot, provided that they are longer
than about half a helix turn (>6 bp). In that case, their dissociation
becomes topologically impeded by the presence of the pseudoknot,
as their unpaired strands cannot freely separate due to the residual
“tangle” (after Conway’s classification of knots [51]) left behind by
the unpaired helix. Such a knotted helix generally cannot be disso-
ciated until all pseudoknots blocking its release by free rotation are
simultaneously removed. This significantly increases kinetic disso-
ciation barriers of unfolding Arrhenius transition, hence, effectively
leaving knotted helices kinetically trapped.

4. Knotty dynamics of topologically blocked transitions

The existence of knotted intermediates in RNA folding/unfold-
ing pathways results in a knotty dynamics that can enhance the
stability of RNA switches [9], improve the efficacy of co-transcrip-
tional folding pathways [52] and lead to unusual self-assembly
properties of RNA [53].

4.1. Blocked transitions in RNA co-transcriptional folding

In co-transcriptional folding paths, topologically blocked transi-
tion intermediates typically arise when the position of an early
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Fig. 6. Entangled helices, or RNA knots arise because the order by which successive helices are formed and dissociated can lead to topologically blocked transition
intermediates [9]. RNA knots are simply trapped by their own helicity and a nearby pseudoknot, provided that they are longer than about half a helix turn (>6 bp). In that case,

their dissociation becomes topologically impeded by the presence of the pseudoknot.

folded stem overlaps with the loop region of a second helix, en-
coded downstream along the sequence, Fig. 7. This favors the
nucleation of the second helix by its base rather than its loop, lead-
ing to a kotted intermediate that blocks subsequent exchange of
stability between the two helices.

Topologically blocked intermediates may cause, in particular,
long-lived metastable structures of UTR RNA switches regulating
the expression of downstream genes at the level of either tran-
scription (e.g. control of early termination/antitermination) or
translation (e.g. control of Shine-Dalgarno motif sequestration).
Such RNA switches can also be controlled through antisense
RNA-RNA interaction, as in the case of tRNA-mediated transcrip-
tion antitermination in Bacillus subtilis and other Gram-positive
bacteria [54,55]. Synthetic ribozymes activated via antisense inter-
actions have also been successfully designed [56].

More recently, we also demonstrated through synthetic biol-
ogy design guided by advanced RNA simulations that RNA can
also perform elementary regulation tasks [52]. We have shown,
in particular, that RNA synthetic regulatory modules directly in-

spired from bacterial transcription attenuators can efficiently
activate or repress the expression of other RNAs by merely con-
trolling their folding paths ‘on the fly’ during transcription
through simple RNA-RNA antisense interaction [52].

From an ‘RNA world’ perspective, this suggests that direct cou-
pling between synthesis, folding and regulation of RNAs may have
indeed enabled the early emergence of autonomous RNA-based
regulation networks in the absence of both DNA and protein
partners.

4.2. Blocked transitions can promote RNA self-assembly

While multimeric proteins as well as larger protein self-assem-
blies such as in the cytoskeleton are relatively common, natural
RNA tend to remain monomeric. This is in fact all the more surpris-
ing, as many large artificial nanostructures made of DNA [57-71]
or RNA [72-75] have been successfully designed, using Watson-
Crick pairing rules or tertiary RNA-RNA motif interactions. But
these artificial nanostructures are implemented through highly



194

A
5 Stem1
Stem1
B
R NON-knotted
S ) intermediate
hay
¢ Stem1 K . [
"\ﬂ" /\\\\j —_— "\7,'
-, g , ,1\
= \\ 3 .,
5= N 5=
C
v § Knotted
. S intermediate
S stemt” (1
\ {
‘\7,4 \! —_—

H. Isambert/Methods 49 (2009) 189-196

Stem1 Stem?2 Stem?2 3

T Ll ———

Stem?1’

FREE transition

- Stem1
+ Stem2
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region of Stemz2, it favors the nucleation of stem2 by its base rather than its loop, leading to a kotted intermediate that blocks subsequent exchange of stability between the

two helices.

constraining sequence heuristics that prevent the formation of
alternative intramolecular pairings in place of the designed inter-
molecular interactions. Typical heuristics are based on the limita-
tion of short complementary substring occurrences in the
sequence [76,77].

By contrast, natural RNA sequences, that are presumably void of
such strong sequence constraints, are expected to favor intramo-
lecular base pairing instead of intermolecular interactions, thanks
to their overall flexibility, Fig. 8A.

Yet, we have recently shown, that topological barriers might
actually prevent the simultaneous formation of non-overlapping
helices within monomeric or dimeric RNA structures [53]. Topo-
logically blocked intramolecular transitions might then favor
intermolecular interactions (Fig. 8A) that lead to the formation

A intra / intermolecular interaction
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Fig. 8. (A) Topologically blocked intramolecular transitions in RNA can favor
intermolecular interactions and lead to the formation of extended RNA self-
assemblies, as typically observed with proteins. (B) Self-assembly of a non-coding
RNA of Escherichia coli, observed by atomic force microscopy [53].

of extended self-assemblies of bacterial non-coding RNA [53],
Fig. 8B.

5. Kinefold server: online RNA/DNA folding simulations

The theoretical and experimental results reviewed in this paper
have been predicted, analyzed or designed with advanced stochas-
tic RNA folding/unfolding simulations. Most of them have been
performed online using the Kinefold RNA/DNA folding simulation
server [9], which can be accessed at http://kinefold.curie.fr/.

The Kinefold web server provides a web interface for stochastic
folding simulations of nucleic acids on second to minute molecular
time scales. It proposes two folding dynamics scenarios: ‘renatur-
ation’ or ‘co-transcriptional folding’ pathways, which are simulated
at the level of helix formation and dissociation in agreement with
seminal experimental results on the separation of time scales for
RNA dynamics [3,4] (see above). Further information on the avail-
able simulation options and algorithmic features are provided in
[9] and [8].

Pseudoknots and topologically ‘entangled’ helices (i.e. RNA
knots) are efficiently predicted taking into account simple geomet-
rical and topological constraints, as outline above. See also [7-9]
for further technical aspects.

To encourage interactivity, simulations launched as immediate
jobs are automatically stopped after a few seconds and return
adapted recommendations. Users can then choose to continue
incomplete simulations using the batch queuing system or go back
and modify suggested options in their initial query.

The detailed output of Kinefold provides: (1) a series of low free
energy structures, (2) an online animated folding path and (3) a
programmable trajectory plot focussing on a few helices of interest
to each user, Fig. 9. See [9] for detailed descriptions of output files
and formats.
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