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The RNAKinetics server (http://www.ig-msk.ru/RNA/kinetics) is a web interface for
the newly developed RNAKinetics software. The software models the dynamics of RNA
secondary structure by the means of kinetic analysis of folding transitions of a growing
RNA molecule. The result of the modeling is a kinetic ensemble, i.e. a collection of RNA
structures that are endowed with probabilities, which depend on time. This approach
gives comprehensive probabilistic description of RNA folding pathways, revealing important kinetic details that are not captured by the traditional structure prediction methods.
The access to the RNAKinetics server is free.
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1. Introduction
RNA secondary structure prediction is a classic bioinformatics task, and there
are several common approaches to its solution. The most popular method is free
energy minimization, which is often implemented using dynamic programming.1–3
It allows one to ﬁnd suboptimal structures along with the optimal one. MonteCarlo methods4,5 and genetic algorithms6,7 are also used for prediction of optimal
RNA secondary structures. However, biologically relevant structures can be very
diﬀerent from the ones that are stable from the thermodynamic viewpoint. An
alternative approach is based on the idea that biologically important secondary
structures are the ones that are evolutionary conservative. These structures can
be inferred from multiple sequence alignments.8,9 The structure of the large subunit of ribosomal RNA and several other important structures, e.g. riboswitches,10
were correctly predicted based on evolutionary conservation. Although the conservative segment quest depends on the physical parameters much less than the
energy minimization does, it still requires rather large set of correctly aligned RNA
sequences.
The current opinion on RNA structures is directed towards the idea that RNA
secondary structures are variable in time rather than static.11,12 Indeed, the secondary structure of an RNA molecule can and often does change while the molecule
is being synthesized. A striking example of a biological process where such changes
are functionally important is attenuation of aminoacid operons. The model of attenuation was ﬁrst supposed by Yanovsky;13 later it was conﬁrmed for several operons
experimentally14 and by genome analysis.15 Another class of systems that signiﬁcantly depend on the formation of RNA secondary structure during transcription
is riboswitches, i.e. speciﬁc regulatory RNA structures that directly bind to the
ligand.16,17
In this paper we focus on the description of RNA folding process which takes
into account the rate of the transcription. Calculation of the optimal secondary
structure for every initial segment of the RNA would not help to describe the folding
pathway because it implicitly makes an assumption that the structure relaxation
time is much smaller than the time needed for chain elongation. This assumption is
not evident and may be even wrong. Here, we follow diﬀerent methodology, which
is based on kinetic analysis of structural rearrangements. It largely relies on the
procedure that was developed previously;18 in this paper we present one of its
implementations, the RNAKinetics web server.
Modeling of RNA folding kinetics can be done at diﬀerent levels, which diﬀer
by the amount of molecular details they take into account and, consequently, by
the choice of elementary step of RNA structure dynamics. The most detailed and
accurate (but the least eﬃcient) method is molecular dynamics, which takes into
account the movement of every atom.19 The timescale of this method is about
10−9 sec. The next level of analysis considers the opening or closing of a single
base pair as an elementary step.20 It has a timescale of milliseconds. Here we use
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a higher-level approach, in which the elementary step is formation or disruption of
the entire helix. It allows timescales up to 10 sec.
2. The Model
2.1. Definitions
A candidate helix is a non-extendable pair of complementary RNA sequence segments, which forms a helix. By helix we mean a double-stranded fragment of the
RNA molecule, which decays cooperatively from the closing base pairs. The two
segments are assumed to be fully complementary without insertions or deletions.
At each instance of time, the molecule has certain length. A secondary structure
(current fold ) is a set of non-contradicting helices, which are present in the molecule
at the given instance of time. A structural rearrangement is a spontaneous decay or
formation of a helix. A kinetic ensemble is a set of secondary structures endowed
with probabilities that depend on time.
2.2. Basic model
The set of helices in the secondary stucture undergoes two kinds of transformations
that occur spontaneously due to thermal ﬂuctuations. A helix can decay or a new
helix can form. The spontaneous decay kinetic constant depends on the energy of
the helix and on its length.21


∆Ghelix
kdis = κc · Nh · exp
.
(1)
kT
Here κ is the kinetic constant of one marginal complementary pair locking, κ =
106 · · · 108 s−1 , Nh is the number of staking interactions in the helix (i.e. the length
of the helix in base pairs minus one), and ∆Ghelix is the helix energy, which includes
energies of stacking interactions and hydrogen bonds. The helix formation kinetic
constant depends on the diﬀerence of energies of loops that was caused by the
formation of the helix.


∆Gloops
kform = κc · Nh · exp −
.
(2)
kT
These two equations obey the local balance between the states with and without
the helix for the equilibrium.
The basic model is simulated as follows. On the initial step, all candidate helices,
whose decay constants are less than a critical value (typically, 103 s−1 ), are identiﬁed
in the given RNA sequence. Denote their number by M . Before simulation starts,
the time t and the length of the molecule l are set to 0.
On each step of the simulation, we have current time t, molecule’s current
length l, and its current fold. The current length determines the accessible part
of the sequence at time t. The current fold contains all helices that are present
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in the molecule at time t. The possible structural rearrangements are (1) decay
of a helix that belongs to the current fold, and (2) formation of a helix that is
not present in the current fold, but belongs to the accessible part of the sequence.
The kinetic constants ki , i = 1, . . . , M for each of these transitions are calculated
according to Eqs. (1) and (2). We put the chain elongation constant kM+1 equal to
kE , if the chain is not completed yet, or equal to zero, otherwise, where kE is the
chain’s growth rate. The number of transition is chosen randomly according to the
set of kinetic constants ki , i = 1, . . . , M + 1. The increment of time, ∆t, is drawn
randomly from the exponential distribution with parameter K = Σ ki . The current
parameters (current time, current length and current fold) are updated accordingly.
Multiple runs of this algorithm yield the kinetic ensemble, i.e. distribution of
RNA structures with frequencies, which depend on time. This model reﬂects more
adequately the physics of RNA folding than the Kavasaki algorithm20 and is more
“ideal” in the sense of Ref. 22.
2.3. Advanced model
In the basic model, the helices are consistent with each other, i.e. the helices that
belong to the current fold do not have common nucleotides. The advanced model
allows helices to overlap. Here we assume that either of the overlapping helices may
exist, and the transition between them is very fast. The transition constants are
replaced by eﬀective transition constants, which take into account all preliminary
events that lead to a helix formation, such as partial or complete decay of one of
the overlapping helices, if it prevents formation of a new helix.23
The mutual arrangements of the candidate helices can be classiﬁed as follows.
Assume that helix A already exists, and we want to determine the kinetic constant
of helix B formation, which depends on how A and B are positioned with respect
to each other.
• The two helices are completely compatible. Then the kinetic constants for helices
formation are given by Eq. (2).
• The helices partially overlap; the B helix formation can be freely initiated. Here,
the helix formation kinetic constant is given by Eq. (2), where Nk is the number
of free complementary base pairs. After the initiation, the resulting fold contains
both helices connected by “sliding loop”, or the new helix consumes the old one.
• Free initiation of the new helix is impossible, i.e. the old helix must decay partially or completely in order to start the formation. The formation constant is
calculated as
1
1
1
=
+
.
kform
kdis
kini
Here kdis is the kinetic constant of the decay of the base pairs, which prevent
the intiation; it is given by Eq. (1) with ∆Ghelix and Nk that correspond to the
dissociating base pairs only. The initiation constant, kim is given by Eq. (2) with
Nk = 1.
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3. The RNAKinetics Server
The server is based on the Java program that impements the algorithm described
above (http://www.bioinf.fbb.msu.ru/RNA/kinetics). The program uses the RNA
folding energy parameters from Ref. 24. The following input data are required:
•
•
•
•
•

RNA sequence;
chain elongation constant kE ;
nucleation constant κ;
ﬁnal time of the simulation T ;
number of runs of the simulation Nruns .

When started, the model runs until the experiment time t reaches the ﬁnal
time T . This procedure is repeated Nruns times to accumulate some statistics. The
server accepts FASTA sequence format or plain test sequence. DNA sequences are
translated to the RNA alphabet.
The output page contains:
• list of candidate helices (with helix energy, helix length, kdis , and the plot of the
probability of the given helix versus time);
• list of secondary structures sorted by their lifetimes (with structure energy and
the plot of the probability of the given structure versus time);
• comparative probability-versus-time plots for helices;
• analogous plot for secondary structures;
• plot of nucleotide availability, i.e. probability of the nucleotide at the given position to be paired versus position number.
The secondary structures were drawn using NAView software25 implemented
as a part of Vienna RNA package.25 Gnupot software26 was used to draw the
probability plots. The postscript ﬁles were converted to image format using GSview
(GhostView).
The running time of the RNAKinetics server depends on sequence length, number of runs, and also on the number of candidate helices and their stabilities. The
current version of the server takes sequences up to 250 nucleotides long. Folding of
a typical tRNA with Nruns = 100 takes approximately 10 s.
3.1. Example
As an example, we now discuss the folding of tRNAile (gene ileV) from Escherichia
coli. The sequence
ggcuuguagcucaggugguuagagcgcaccccugauaagggugaggucg
gugguucaguccacucaggccuacca

.

The full output is available on the server’s web page (“example” page). The short
summary is following. As the sequence grew, the new candidate helices were the
most probable (see Figs. 1(a)–(d)) and ﬁnally, when it was completed, the classic
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(a)

(b)

(c)

(d)

Fig. 1. The sample RNAKinetics server run results digest. The non-trivial RNA structures that
were obtained as the most probable for the time ranges of approximately (a) 0.5–0.7, (b) 0.7–1,
(c) 1–1.6 and (d) 1.6–3 seconds after an experimental run starts. The non-folded strand was the
most probable for the first 0.1 seconds and it is not shown on the figure. The BLUE rectangles
show the helices, which are identified by numbers. The RED DOTS plots on (d) show a “sliding
loop”, i.e. the “A” letter can be contained in A–U pair terminating the 11th helix or in that
terminating the 15th one.

“clover leave” tRNA structure (Fig. 1(d)) has become the best. The ﬁgure shows
the most probale structures on diﬀerent time intervals, but there are many minor
intermediate structures that appears and disappears during folding.
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