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Non-coding RNAs (ncRNAs) regulate a variety of cellular processes by binding to
either other ncRNAs, mRNAs or even DNA. Recent research in this field led to
the discovery of several novel classes of ncRNAs and modes of function, such as
transcriptional and post-transcriptional regulation of gene expression. As a new
approach in the study of RNA molecules and their interactions, we construct a
network of interacting RNAs as a toy model of regulatory gene network. We use
the Vienna RNA package for calculating RNA-RNA cofold structures and we employ
these features for defining three classes of interacting agents or “genes”: sensors,
transmitters and responders, depending on their folding and cofolding characteristics.
We further study the variation of network structure under di!erent environmental
conditions by increasing the folding temperature. As a preliminary study of this
regulatory network toy-model, we present several possible extensions of the network
approach to RNA modeling.
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I. MOTIVATION

The objective of this work was to construct a simple
model of a biological network inspired from gene regu-
latory networks. Beforehand, the system should have
definite and estimable interactions between its elements
(agents) and should be able to respond to changes in
the environmental conditions (e.g temperature). The
short term objective consists in searching and possibly
identifying network motifs similar to those identified in
metabolic (Milo et al. 2004) and protein-protein interac-
tions (Yeger-Lotem et al. 2004). In a long term, we will
allow the system to improve its fitness as a response to
a changing environment. In order to do so, we need to
assign a function to the network and use the performance
as measure for fitness. The fitness function itself crucially
determines the resultant dynamics of the system.

The paper is organized as follows: we present a short
description of the elements in our network, the RNA
molecules, and of how we use the interactions between
them to construct an interaction network. As these in-
teractions are temperature dependent, we then consider
how the structure of the networks change under increas-
ing temperature conditions. We shall close with a general
outlook and possible future extensions of this preliminary
work.
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II. THE AGENTS

RNAs can be considered as strings consisting of four
different letters, the so called ’bases‘: adenine (A), gua-
nine (G), cytosine (C), and uracil (U). The resulting se-
quence is also called the primary structure. The RNA
molecule can fold into secondary structures (phenotype)
by forming intramolecular base pairs. Only a distinct set
of base pairs are allowed: A may pair with U, G with
C and G with U. RNA structures are temperature sensi-
tive: by increasing the temperature, there exists a critical
temperatures at which the structure melts resulting in an
open chains (fig. 1A).

Based on their sequences, the base pairing rules and
experimentally verified energy parameters, the program
RNAfold, a component of the Vienna RNA Package1

(Hofacker 2003; Hofacker et al. 1994) predicts RNA sec-
ondary structures. RNAheat, another programs in the
package, calculates the melting curves of these RNA
structures (fig. 1A).

A. Interactions of Agents

Besides intramolecular base pairs (RNA folding), two
RNAs can form intermolecular base pairs, resulting in a
RNA hybrid structure – RNA cofolding (Bernhart et al.
2006; Stephan-Otto Attolini & Stadler 2005). An exam-
ple is shown in fig. 1B where one of the sequences appears
in red, the other one, in black. Using the RNAcofold

procedure from Vienna RNA Package, one can calcu-
late the partition function of the secondary structure

1 http://www.tbi.univie.ac.at/!ivo/RNA/
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FIG. 1 Actions of RNAs in the RNAnet. A: Sensing the
environment by temperature-dependent unfolding of RNA sec-
ondary structures. Once the sensors melt up, they can cofold
with other RNAs, which in turn become “active” and trans-
mit the signal within the network. B: RNAs in the RNAnet
interact with each other by cofolding. Minimum free energy
(mfe), frequency of the mfe structure in the thermodynamic
ensemble and the number of intramolecular base pairs in this
most probable cofold are used as measures to quantify the in-
teractions.

Z =
!

exp(−∆G(S)/RT ), where the sum is took over
all structures S, using the algorithm of (McCaskill 1990)
for determining the free energy of the individual struc-
tures, ∆G(S). Once the minimum free energy (mfe)
has been determined (Zuker & Stiegler 1981), the par-
tition function is used to calculate the frequency ν of the
most stable structure within the thermodynamic ensem-
ble: ν = exp(−mfe/RT )/Z, with R, the ideal gas con-
stant and T , the external temperature. The frequency
ν is a measure of the probability of finding this partic-
ular cofold structure within the ensemble of all possible
structures of two sequences. We also take into account
the number of inter-molecular base pairs (e.g 9 in fig. 1B).
All these measures are indicative of the intensity of the
interaction between these two sequences.
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FIG. 2 Defining allowed connections according to mfe.
mfe = minimum free energy of cofold structures for node 1 and
2; mfe1 = average mfe of the node 1; mfe2 = average mfe
of the node 2. If mfe < mfe2, then node 2 can be activated
by node 1. The same applies to node 2.
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FIG. 3 Defining weak links. L is the set of k links in the
network of n nodes. L is sorted once for increasing frequency
ν (upper line) and also for increasing mfe (lower line). A link
is considered “weak” if it belongs to the lower 25% of either
of these sorted measures.

III. CONSTRUCTING THE NETWORK

As initial experiments, we start with 20 random RNA
sequences of 20 nucleotides (nt) in length. For all these
sequences, we calculate the associated melting tempera-
ture and subsequently cofold all of them with each other
in order to obtain their frequency, mfe and number of
common base pairs. According to the values of these
measures, we divide them into three groups: sensors,
transmitters and responders, as described below. We
consider that different sequences may act as sensors at
different temperatures: once a sensor melts up (the envi-
ronmental temperature is greater than its melting tem-
perature), it changes its state from “inactive” to “acti-
vated” as it is able to cofold with other sequences and
thus to propagate the activation signal to its network
neighbours, the transmitters. Members of this second
group propagate the activation signal by cofolding with
each other, until the signal reaches the third and last
group of RNAs, the responders.

We describe here the rules that allow us to obtain this
division. We shall determine first the set R of respon-
ders, R ∈ N , with N the set of all nodes, then we shall
determine the sensors as the set S ∈ N −R, and finally
the set of transmitters is T = N − {R∪S}. We consider
that the responders should form especially stable cofolds,
and thus we choose as responders those nodes in the net-
work that have the lowest overall minimum free energy
(mfe) of cofolding. More precisely, we calculate for every
node the average of all mfe values of cofolding between
itself and all the other nodes. Subsequently, from the
nodes with the lowest values, we select a number of 25%
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of nodes in the network as the responders. Once chosen
the responders, then 25% of the nodes are chosen as sen-
sors at random and uniformly distributed in the range
of minimum and maximum melting temperatures. By
choosing the sensors in this way, we make sure that the
number of active sensors will increase as the temperature
rises. Our networks of 20 RNAs consist of 5 responders
and 5 sensors, the remaining 15 being transmitters.

Next, we eliminate from the network those links that
can be considered as weak. First of all, we eliminate
those links characterized by less than 25% of common
base pairs (intermolecular base pairs). Then, we con-
sider the relationship between the mfe of a link and the
average mfe per node, defined above. As shown in fig. 2,
a node can be activated by another if the average mfe
of the former node is less than the mfe of the cofold-
ing of these two nodes. In other words, this directed
link (2 → 1) exists if cofolding with node 2 supposes a
stronger mfe than the average value for node 1. Fig. 3
schematically illustrates the rules used for pruning the
network of weak links as well as the definition of weak
link used in this work. We sort the remaining k links in
ascending order of frequency ν and eliminate the lowest
25% of them (upper part of fig. 3). We also sort the links
in ascending order of mfe, and consider as a mfe thresh-
old the value of the lowest value in the first quarter of
this sorted list, mfe0. Subsequently, we eliminate all the
links with mfe higher than this threshold. An example of
the resultant network appears in fig. 4. This figure also
includes on the l.h.s a scheme of the interaction rules be-
tween the sensors, transmitters and responders: the sen-
sors activate the transmitters, which can propagate the
activation state among themselves and to the responders,
while these last ones can feed back to the sensors.

IV. TEMPERATURE AND NETWORK STRUCTURE

We chose the temperature as the variable environmen-
tal parameter and we shall investigate how the struc-
ture of our networks change at different temperatures
using the rules described above. The sensors in our net-
work represent the cell surface proteins of a cell inter-
acting with the environment, e.g. by binding a ligand.
The transmitters depict a signal transduction network,
and the responders represent the metabolism responsible
for energy production. Again, by constructing such toy-
networks we intend to investigate the origin of network
motifs observed in cell networks. We consider that the
nodes or “genes” can have two states: activated (state 1)
or inactive (state 0). The initial state of the network at
a given environmental temperature consists in all nodes
having 0-state except for the sensors whose melting tem-
perature is lower than or equal to the external tempera-
ture, and thus these sensors will be in state 1.

In all our studies we used RNA sequences of 20nt.
These sequences constitute the nodes of the networks.
We studied temperature effects on two small networks,

of 20 and 25 nodes, and on a large network of 200 nodes.
We first describe the type of changes in structure one can
expect by using the results from the small networks, as
they are easier to visualize.

One of characteristics of the network we focused on is
connectivity. More precisely, we are interested in changes
in the number of incoming and outgoing links of nodes
as the temperature increases: some nodes will only have
incoming links (the receivers), others only outgoing links,
whereas a third group become completely disconnected
from the network. The relays - those nodes retaining
both incoming and outgoing links - act as as key-nodes as
they maintain the network connected and also maintain
the propagation of information. For example, in fig. 4 we
find that though an active sensor exists, it cannot prop-
agate the information to the transmitters as it has only
incoming links, but at higher temperature the situation
changes (fig. 5). The case of fig. 5A is a dynamic net-
work as the active sensors can propagate their state to the
transmitters and finally the responders feed back to the
sensors. As the temperature increases, more and more
links become weak links and thus are lost. At T = 70"C
(fig. 5B), a transmitter becomes disconnected and sev-
eral sensors turn into receivers, both cases weakening the
connectivity of the network. However, the network still
functions properly in some modules. For example, the
12 → 6 → 1 → 18 → 12 forms the ‘heart of the network’,
remaining stable independent of temperature. It is also
a type of motif often seen in regulatory networks.

In a more quantitative way, we followed the connec-
tivity of the networks at increasing temperatures by ob-
serving the variation in the numbers of ”bad genes” :
receivers, outgoing nodes and disconnected nodes, as de-
fined above. This numbers are included in Table IV for
the 20 and 25 nodes networks. Even more interesting is
to note that nodes that are good relays can become re-
ceivers or outgoing nodes with the increase or decrease of
temperature, and thus have different functions according
to the temperature. As mentioned before and as intended
in out approach, as the strength of the interactions de-
pends on temperature, a node may switch classes as the
temperature changes.

We conducted a similar study for the large network of
200 nodes and the changes in structure are summarized
in Table IV, where two more measures were calculated:
mean node degree and clustering. These two measures
are the typical ones used in network characterization and
have been calculated by transforming the directed net-
work into an undirected one. As in the case of small net-
works, such static quantitative values are not so relevant
compared to any conceivable dynamic characteristic. A
more appropriate characterization of the effect of tem-
perature on the structure of such large network would be
the propagation of the activation signal and identifica-
tion of strong or weak nodes. We shall discuss on future
prospects concerning the dynamics on networks and the
propagation of the activation signal in the next section.

However, we consider that as our objective is the iden-
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FIG. 4 Types of nodes in RNAnets. Sensors (green), the cell surface receptors, detect an external signal (change in
environmental temperature) and can propagate it to the transmitters (blue), representing the signal transduction network. The
signal is then propagated until it reaches the responders, which form the metabolism of the cell. The r.h.s network is a 20
elements network of 20nt sequences at T=25 "C. The rectangle-shaped sensors are in active state and the labels on the edges
represent the values of the frequency ν. See text for more details.
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FIG. 5 The dependence of the network structure on temperature. A: at T=40 "C. B: at T=70 "C . The label of the
nodes represent their names. At di!erent temperatures, di!erent nodes may act as sensors, transmitters or responders.

tification of network motifs, we should focus on small
networks instead of large ones where identifying small
modules and motifs could be an intricate task. Therefore,
in future works we shall mainly consider the introduction
of dynamics on small networks.

V. DISCUSSION

In the first version of RNAnet, we chose more or less ar-
bitrary values for dividing the network into three classes
of nodes (sensors, transmitters, responders) and by this
assigning functions to individual RNAs. This might not
reflect the situation found in living cells. However, recent
organisms are the result of billions of years of evolution
and thus our method might be as good as any other guess
of an initial starting point. The same holds for defining
weak links. The number of base pairs and the stability
of interacting RNAs varies from complete complementar-
ity (siRNA-mRNA) to weak binding only in loop regions
(snoRNA-rRNA). The 30% intermolecular base pairs rule

thus can be considered as a reasonable estimate for an
average RNA-RNA interaction.

We showed that RNAnet is capable of sensing environ-
mental changes in the form of temperature variations and
react accordingly by reorganizing the structure of the net-
work. The idea of sensors was inspired by two observa-
tions. First, the simple fact that RNA structures are
thermosensitive, and second the conformational changes
of cell surface receptors subsequent to ligand binding.
In our model, the remaining network components (trans-
mitters, responders) are also effected by the environment,
but rely on efficient sensors in order to become activated.

We have not considered the issue of evolution so far,
since we have not associated a fitness function to RNAnet.
We consider it as the most important concept to be es-
tablished in future studies and in closer relation with real
data. An outlook on such possible extensions is included
in the next section.

Taken together, we presented a first version of an RNA
toy model that responds to environmental changes, trans-
mits this information via a RNA-RNA interactions and
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TABLE I Network variation with temperature. Upper
table: 20nt sequences, 20 nodes network and Lower table:
20nt sequences, 25 nodes network. T = temperature; Rv =
Receivers; O = Outgoing; Ry = Relays; D = Disconnected;
ν0 = Frequency threshold; mfe0 = mfe threshold; E = Final
network links (edges). See text for more details.

T Rv C Ry D ν0 mfe0 A E

20 1 1 18 - 0.18 -10.58 1 64

30 1 1 18 - 0.15 -8.07 2 63

40 2 - 18 - 0.14 -5.75 4 58

50 - 2 18 - 0.12 -3.82 5 55

60 4 4 16 - 0.15 -2.59 5 29

70 5 5 9 1 0.12 -1.02 5 22

20 3 - 22 - 0.13 -9.68 1 90

30 2 1 22 - 0.14 -7.55 2 85

40 4 1 20 - 0.15 -5.50 3 80

50 3 2 20 - 0.12 -3.87 5 75

60 3 3 18 1 0.17 -2.77 5 53

70 3 4 13 5 0.17 -1.60 5 30

TABLE II Network variation with temperature. 20 nu-
cleotides sequences, 200 nodes network. T = temperature; Rv
= Receivers; O = Outgoing; Ry = Relays; D = Disconnected;
ν0 = Frequency threshold; mfe0 = mfe threshold; E = Final
network links (edges); K = Connectivity (mean node degree);
Cl = Clustering. See text for more details.

T Rv C Ry D ν0 mfe0 A E K Cl

20 - - 200 - 0.14 -9.81 3 9493 60.3 0.36

30 - - 200 - 0.14 -7.51 4 8752 55 0.33

40 - 1 199 - 0.14 -5.49 6 7435 46.5 0.28

50 - 1 199 - 0.14 -3.97 7 5416 33.7 0.22

60 1 1 198 - 0.14 -2.66 8 3491 21.7 0.15

70 5 5 188 2 0.14 -1.53 8 2085 13.05 0.09

uses the information to produce energy. Based on this
model, we discuss in the next section additional features
that could be implemented in the future in the search for
a simple model of an RNA organism.

VI. OUTLOOK

A. Temporal Behavior

For future applications, we consider the possibility of
introducing the dynamics besides the static representa-
tion from the previous section. A 1-state node probabilis-
tically propagates the activation to one of its neighbors
at the next temporal step, constituting a temporal acti-

vation pattern that will be the object of our study. The
propagation probability is calculated from the frequency
ν of the mfe structure provided by the RNAcofold pro-
cedure, shown as labels of links in fig 4. Let us consider
a state-1 node denoted as i in the network and let ĩ be
the number of neighbors of i within the network. We
consider the network as a directed one, in the sense that
the neighbors of i are those nodes that can be activated
by i.

Once we found the neighbors in the directed net-
work, we now consider the rules of activation propagation
within. We shall denote the ĩ neighbors of the node i as

ni,j , with j ∈ 1, ĩ. We randomly choose a neighbor to
become active at the next step by using the probability
of the i node to cofold with one of its neighbors in the
directed network defined above. This probability is re-
lated the nu parameter, the frequency of mfe structure
in the energy ensemble. For this choice, we denote the
frequency corresponding to the link (i, ni,j) as νi,j . Let

νi =
ĩ"

j=1

νi,j

be the sum of frequencies associated to all links of node
i. We generate a uniform random number r ∈ [0, 1] and
identify the node ni,k to become activated at the next
step as the one satisfying

k#1"

j=1

νi,j < r νi ≤
k"

j=1

νi,j .

B. Introducing a Fitness Function and Evolution

The great advantage of using RNA agents is that inter-
actions can be computed based on the thermodynamics
of RNA structures. This allows us to introduce muta-
tions in search of a fitness function to each network to be
used in the selection criterion for evolving RNAnet.

Inspired by the results on the temperature dependence,
one can consider the fitness of a node directly related to
its capability of being a relay in the network for a wide
range of temperatures. Such a node would be very im-
portant in the correct signal transmission in the network
under extreme environment conditions.

As far as the fitness function of an entire network is
concerned, the mfe of the responders RNA hybrids can
be interpreted as energy production and thus allow the
association of a fitness to our network (fig. 4) in propor-
tion with the duration of their active state. As a whole,
the energy produced can then be used to maintain the
network and replace components. Additional energy ac-
cumulates and is used for replication as soon as it allows
the RNA network to reproduce all it’s components. Se-
quences in the resulting daughter network gain mutations
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with a given mutation rate and thus change their inter-
actions with other nodes. In addition, some nodes might
be randomly lost, whereas others are duplicated during
replication. This simulates gain and loss of genes within
a genome. Those networks that run inefficiently are elim-
inated.

A life time can be assigned to components of the net-
work, which might be e.g. proportional to mfe of their
structure. Network consisting of RNAs with high mfe
will thus have to replace their agents more frequently and
therefore produce more energy in order to remain stable
than those who consist of RNAs with low mfe. Further-
more, remaining energy can be used to produce more
sensors, allowing a positive feed-back on environmental
stimuli.

More importantly, inspired by the results on the tem-
perature dependence, one can consider the fitness of a
node directly related to its capability of being a relay
in the network for a wide range of temperatures. Such
a node would be very important in the correct signal
transmission in the network under extreme environment
conditions. The connection of such a node fitness with a
possible evolution scenario will be discussed below.

C. New Environments

Changing environmental conditions cause alterations
in the structures of our RNA networks. A good fit-
ness function would allow us to test the robustness of
RNAnets under fluctuating conditions. Depending on the
frequency of these fluctuations, networks might require
different substructures, alternative pathways, higher or
lower connectivity, etc. in order to maintain their func-
tion. Once a network gained enough energy to build ad-
ditional sensors, it could chose those that respond best
to the current environmental conditions.

In addition to temperature changes, a food source can
be provided consisting of small RNA oligos (10nt). These
RNA would cofold with sensors and thus activate them,
using the same rules as implemented for RNA-RNA in-
teractions in the existing network.

D. RNAnet v2.0

Taken the outlook together, we plan to implement a
model of RNA networks that responds not only to tem-
perature, but also to a food source. Depending on its
fitness, it is able to replace its components and add
new sensors which respond best to the individual envi-
ronment. Thus, the environment becomes reflected in
the genome. Networks will be able to replicate, and se-
quences in daughter generations will gain mutations.

We intend to apply the procedure on population of net-
works starting from a variety of initial conditions and run
them in different environments for several generations,
hopefully resulting in specific phenotypes (network and

RNA structures) and genotypes (RNA sequences).
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