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Abstract

A key goal of synthetic biology is to use biological molecules to create novel biological systems. Due to their role as
transmitters in such systems, RNA molecules have gained much attention from synthetic biologists to design and construct
novel RNA molecules with desirable functions and properties. In recent decades, the design of RNAs, however, has been
limited to RNA architecture with primitive functions: aptamer and catalysis. To expand the paradigm of RNA-based design,
we herein propose a conceptual design of RNA-RNA interaction based systems, considering domain-based structures of
RNAs, as well as thermodynamic properties of RNA molecules and their interactions. Two evaluation scores, namely
structural score (SS) and affinity score (AS), are used as criteria for selection of proper RNA sets. We employ this concept
to design various RNA sets, each of which contains three RNA strands that altogether function like a comparator device.
With these criteria, we show that four out of forty RNA sets would behave like a biological comparator since they have
appropriate structure (SS = 1) and proper interaction order (AS > 1). The proposed scores are proven to be proper criteria
for selection of RNA sets with required functions. This preliminary design offers an opportunity for synthetic biologists to
expand the design of RNA sequence from a single strand to multiple strands that would behave in the same manner as
enzymatic reactions.
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1. Introduction

In synthetic biology, molecular building blocks—i.e. DNA, RNA, and protein—have been used to make a
number of biological parts and devices, including logic gates [1-3], oscillators [4-6], and sensors [7-9]. Within
the next generation, synthetic biologists aim to integrate existing synthetic systems with more complex and
advanced networks from an engineering perspective [10]. Since synthetic RNA devices can respond sensitively
to alterations in the levels of endogenous signalling molecules, similar to a transmitter in an information
processing system, they can potentially link signal-associated pathways to cell fate decisions. The integration of
RNA transmitters with other devices would lead to more complex informative networks in a programmable
cell. Thus, synthetic biologists have been attempting to construct newly designed RNAs to synthesize more
complex cellular systems [11].

A crucial principle in RNA design is selecting the RNA sequence that will adopt a target secondary structure
for a desired function [12]. Previously, synthetic RNAs have been selected with no prior information by
primitive in vitro selection based methods [11]. With these methods, a set of random RNA sequences is used as
an RNA pool that may contain many undesired RNAs. The target RNAs are isolated by either their binding or
their catalytic activities, and are then amplified. These processes are repeated to isolate active RNAs. Later, the
information about functional motifs and structures of RNAs have been accumulated [12-15], and several tools
based on this information have been developed to help predict the secondary structure of RNAs before
laboratory validation [16, 17]. The increasing availability of these tools has led to the development of various
design approaches for synthesizing the RNA architecture with required functions. The parameters involving
equilibrium stability of RNA structures, such as minimal free energy, and partition function are mainly utilized
as selection criteria [12, 18, 19]. For example, the difference of the free energy between two states of RNA
structures is efficiently used in the design of novel RNAs called allosteric ribozymes [20]. Allosteric ribozymes
designed based on the equilibrium stability of RNA structures properly function both in vitro and in vivo [2,
20]. However, most RNA design approaches have focused on the design of a single RNA strand with primitive
functions, such as catalysis and aptamer [11, 21]. There are few studies on the design of multiple RNA strands
altogether interacting towards a given function. In 2004, Isaacs et. al. proposed a synthetic system of RNA-
RNA interaction using a particular motif called YUNR (pYrimidine-Uracil-Nucleotide-puRine) for effective
hybridization that has opened the way for the design of novel devices containing multiple RNA strands. In this
system, there are two RNA strands, cis-repressed (crRNA) and trans-acting RNAs (taRNA), which can
hybridize with each other. The taRNA is transcribed only in the presence of an exogenous signal. Once
transcribed, it then hybridizes with the existing crRNA, triggering the conformational change of the crRNA
that in turn allows the translation of repressed genes. Because this work was an early study of synthesizing
RNA-RNA interaction, the design of the multiple RNA strands was only based on the location of particular
motifs and the structure of RNA strands. To provide a systematic design for an RNA-RNA interaction based
system, it requires additional criteria for selecting proper RNAs that adopt the desired secondary structures, and
behave as expected.

In this study, we have proposed a conceptual design for an RNA-RNA interaction based system, and
attempted to create an RNA-based system that behaves as a biological comparator. The conceptual method
consists of two main steps: the design of RNA strands from interacting domains and the selection of RNAs by
two criteria, namely structural score (SS) and affinity score (AS). The proposed design is demonstrated using a
comparator-like function as a model comprised of 3 pieces of RNA strands interacting in 2 different reactions.
This design approach presented herein will enable the synthesis of new sets of multiple RNA strands with
advanced functions.
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2. The Strategy Of Conceptual Design For RNA-RNA Interaction Based System

We proposed a strategy of conceptual design for an RNA-RNA interacting based system comprised of two
main steps: design of various sets of multiple RNAs from interacting domains and selection of proper RNA sets
by two evaluation scores. The overall strategy is schematically shown in Fig. 1.

2.1 The specification of model reaction and interacting domains

The design strategy starts with the specification of a synthetic system of RNA-RNA interaction with desired
functions and behaviors. In general, an RNA-RNA interaction involves the hybridization between an RNA
strand with its cognate RNA (target strand) that subsequently causes either the conformational changes or the
catalysis of such target strand. A starting model for RNA-RNA interaction based system can be described as a
simple model of chemical reaction by

R,+ Rn=—— R.Rn,
where R, and Ry, are an RNA strand and its cognate RNA, respectively, and R,Ry, represents the hybridized
RNA complex between the two strands.

To design a set of multiple RNA strands, all RNA strands in the desired system are first categorized into
interacting domains. The domains are either units of hybridization between RNAs or particular RNA motifs.
For example, the riboregulator of Isaacs et al. [22] have two RNA strands called taRNA and crRNA in such
system. Fig. 2 shows a structure of the hybridized RNA between taRNA and crRNA that can be categorized
into 4 domains consisting of 3 domains for RNA hybridization (domains 1, 3 and 4), and 1 domain for an RNA
motif (domain 2).

2.2 Generation and concatenation of RNA sets based on interacting domains

In this study, the candidate RNA sequences are generated based on interacting domains by using the
Domain Design (DD) software [23]. Specific regions or motifs, such as the ribosomal binding site (RBS), are
indicated for no mutation in the program. Also, each domain is assigned the scores for mutation corresponding
to the strength power of its binding. All RNA sets are concatenated into the initial designed RNA strands.

2.3 Determination of evaluation scores

To assess whether the generated RNA sets from the DD program are proper, we proposed two evaluation
scores, namely SS and AS, that indicate the reaction sequence in a given RNA set. The available tools that
help predict the secondary structures of both single stranded and hybridized RNAs are also employed to
determine the evaluation scores. The consideration and calculation of the two scores is described as follows.

Structural score (SS)

SS represents the ratio of the number of required characters found in a designed RNA set to the total
number of required characters, as described in Equation (1). The required characters such as loop, bulge, and
closed motif of an RNA strand or a hybridized strand can be observed from their predicted secondary structures
using available tools e.g. NUPACK [17], and the Vienna RNA package [24].

Number of required characters in designed RNA set
Structural score (SS) = Q)
Total number of required characters
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Fig. 1 The flowchart for conceptual designing of RNA-RNA interaction based systems.
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Fig. 2 A structure of the hybridized RNA between taRNA and crRNA containing 4 interacting domains (modified from [22]).
Affinity score (AS)
AS represents the ratio of the energy differences (AGgif) of two reactions as can be described in Equation 2:

.. A(3dif'f i
Affinity score (AS) = F 2)
diff , j

where AGgir, i and AGg, j represent the energy differences of reaction i and j within a given RNA system,
respectively.

In thermodynamics, the energy difference (with negative value) of a reaction indicates the spontaneity of the
reaction as well as the strong binding affinity. As such, the lowest energy difference means the highest binding
affinity and vice versa. In this study, AS which may be referred to the ratio of binding affinity between two
reactions is used to predict the sequence of binding reactions within a given RNA system. Therefore, reactions i
and j take place simultaneously if AS equals one. On the other hand, reaction i occurs before reaction j if AS is
greater than one, and vice versa. The criterion of AS for selecting the proper set is assigned by the required
sequence of reactions in the specified RNA system.

The energy difference of a reaction can be calculated by subtracting the free energy of the reactants from
that of the product (s), as represented in Equation 3. In our RNA system, reactants and product are single
stranded RNAs (ssRNA) and hybridized RNA (hdRNA), respectively.

The energy difference of reaction i (AGitr,i) = AGhdrna— AGssrna) ©))

The energy of structures can readily be determined using available tools e.g. NUPACK [17], and the
Vienna RNA package [24].

3. Demonstration of the Conceptual Design
3.1 Proposed model for biological comparator based on RNA-RNA interaction

To demonstrate the conceptual design, we proposed a model of an RNA-RNA interaction based system that
has a comparator-like function. In engineering, a comparator is a device that compares two input signals and
returns an output to indicate which signal is greater. In general, one of the input signals is set as a reference,
while the other is set as a test signal. The proposed model of RNA-based comparator comprises of 3 distinct
RNAs; 14, I, and My, that react in 2 reactions shown below.

b+, —— Il (First reaction)

I+ M, — 1M, (Second reaction)



144 Jittrawan Thaiprasit et al. / Procedia Computer Science 11 (2012) 139 — 148

I, acts as the internal input of this RNA-based system whose transcription is triggered by an external signal via
an inducible promoter. In this study, I, will be set as a reference signal for the system. The hybridization
reaction of I, and I, is used for subtracting the quantity of the input signal with that of the reference signal.
Thus, to make this model to act as a comparator, this reaction is desired to be the first reaction of the proposed
model, followed by the hybridization of M; with the remaining I, that causes the 1;M; complex as the output of
this model.

To realize the biological-based comparator, the structure of I, should contain the hanging region that can
bind to the YUNR motif on M;’s loop. YUNR is the particular motif used to increase the effective initial
binding of an RNA-RNA interaction [25]. M, is assigned to locate at the upstream of a reporter gene e.g.
fluorescent protein. Its structure is folded to form a hairpin-loop that closes the ribosome binding site (RBS) to
repress a translation of the reporter gene. The loop of M; also contains the YUNR motif. In addition, the
hairpin-loop structure should provide 3 bulges on stems for the ease of its conformational change when binding
to I, [22] . The complex |1, should have more than 24 contiguous base pairs in order for RNase 1l to degrade
it [26]. The output of the proposed model, I;M; complex can alter the hairpin-loop structure of M; and
subsequently open the accessibility of RBS and the translation of the reporter protein. The descriptions of all
considered characters are summarized in Fig. 3.

RNA type Graphical structure Description of required characteristics®
Iy 1.  Hanging regions of YUNR motif for initial hybridization with M,
(ssRNA)

YUNR

1. YUNR motif on loop for effective initial binding

( I';/Il\llA) 'YUNR’W 2. There are 3 bulges on the stem
Ss
RBS ATG 3. Closed RBS when no binding to I,
(hdlléklA) T 1. More than 24 contiguous base pairings to provide RNase Ill degradation
1M 1.  Opened RBS for ribosome accessibility
1vi1
(hdRNA) YUNR 2. Contiguous base pairing for providing a strong binding

RBS ATG

#The required characteristics as previous work [22]

Fig. 3. A summary of desired characteristics for the biological comparator based on RNA-RNA interaction.

3.2 Domain of interaction in comparator-like system

To generate an optimal sequence, 3 distinct RNAs are divided into 3 interacting domains based on the
hybridization regions. Domain 1 is the region for I, and I, binding and the recognition site for RNase 11l with
contiguous base pairings of more than 24 nucleotides placed on the sticky ends of both Is. Domain 2 is the
region for the initial binding between the sticky end of 1; and the YUNR motif of M;. Domain 3 is the region
for the subsequent binding between the internal strand of 1, and the stem of M;. The structures of the three
domains are shown in Fig. 4.

To generate the desired RNA sequences, the template sequences of all domains are specified in the DD
program to perform in silico mutation. Domain 1 is comprised of a partial sequence of RBS for increasing the
binding strength after the initial hybridization between I, and M;. The conserved sequence, YUNR motif is
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specified in the generation of Domain 2. Domain 3 contains a complementary sequence to part of RBS. In this
preliminary work, eight templates (Fig. 4) are used to generate the sequences of 40 candidate RNA sets. The
scores for binding strength are assigned by the sequence of hybridization in which the scores for domain 1 is
highest and that of domain 3 is lowest.

Domain no. (5’2 3°)

Template 1 2 - 3

no. — o D0
" - T
T1 GAGGATANNNGGNNGGNNNTATCCTG NNNCTNG NNNATNACA
T2 GAGGATANNNGGNNGGNNNTATCCTG NNNCTNA NNNATNACA
T3 GAGGATANNNGGNNGGNNNTATCCTG NNNTTNA NNNATNACA
T4 GAGGATANNNGGNNGGNNNTATCCTG NNNTTNG NNNATNACA
T5 CAGGATANNNGGNNGGNNNTATCCTC NNNCTNA NNNATNACA
T6 CAGGATANNNGGNNGGNNNTATCCTC NNNCTNG NNNATNACA
T7 CAGGATANNNGGNNGGNNNTATCCTC NNNTTNA NNNATNACA
T8 CAGGATANNNGGNNGGNNNTATCCTC NNNTTNG NNNATNACA

Fig. 4. Eight template sets used in DD program (N is a position for sequence mutation).

All generated domain sequences are edited and concatenated into 3 designed RNA strands. Patterns of RNA
concatenation in the direction from 5’ to 3’ are represented as follows:

L, =2+3+1
I, :(|_\|)16+} B
M;=(1)w+ 3+ 243+ (D)o

4. Selection Of Proper RNA Sets Using Two Evaluation Scores

In this study, we proposed the design strategy for an RNA-RNA interaction based system and employed it to
design a biological comparator. The secondary structures of sSRNAs and hdRNAs from 40 designed RNA sets
were predicted using the Vienna package [24]. The free energies of the ssRNAs and hdRNA used for the
energy difference calculation were determined using NUPACK [17]. The SS and AS were calculated and used
for selection of proper RNA sets. Herein, a designed RNA set would be considered a proper RNA set for the
biological comparator only if the values of SS and AS equal to one and more than one, respectively. It was
found that out of the forty designed RNA sets only five sets have SS of 1 while 37 sets have AS of more than
one (Fig. 5). Since the structures of RNA strands in a given RNA set are crucial for the biological comparator
to properly function, the cutoff of SS is set at the maximum, thus nearly 90 percent of the designed RNA sets
are discarded. The five sets that pass the SS criterion include T5_S3, T7_S2, T7_S3, T7_S5, and T8_S3. Fig. 6
shows an example of the secondary structures of proper and improper RNA sets with SS of 1 (T5_S3) and SS
of less than one (T5_S5), respectively. The highlighted sequences of I, strand indicate the opened and closed
domain 2 for RNA set number T5_S3 and T5_S5, respectively. In addition, M; in the set number T5_S3 has a
complete YUNR sequence (domain2), while M; in the set number T5_S5 contains an incomplete part of
YUNR sequence (Fig. 6). Due to the essence of the YUNR motif for initial binding, RNA set number T5_S5
with SS below 1 will not function as the biological comparator.

145
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Interestingly, the 5 RNA sets that pass the SS criterion are not among the sets of high AS values,
particularly T7_S3 that has an AS of less than 1. The AS of T7_S3 suggests that T7_S3 will unlikely function
as the comparator. This is because the reaction of 11, hybridization in T7_S3 RNA set is not a first reaction for
comparing the input signal with the reference. Therefore, the output signal of T7_S3 cannot tell us whether the
input signal is larger than the reference signal. In summary, by using the criteria of the two scores, only four
RNA sets (T5_S3, T7_S2, T7_S5, and T8_S3) are selected for further construction of the RNA based

comparator.

Structural score (SS) Affinity score (AS)
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Fig. 5. The structural score (SS) and affinity score (AS) for each RNA set.
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Fig. 6. The predicted secondary structures of two RNA sets: T5_S3 and T5_S5. The lines indicate the location of desired (T5_S3) and
undesired (T5_S5) characters.
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5. Conclusion

We proposed a strategy for designing an RNA-RNA interaction based system. The conceptual function of
comparator was used as a model to demonstrate this strategy. In this strategy, two evaluation scores, SS and
AS, relating the secondary structures of RNAs and their thermodynamic property, were determined to select the
proper RNA sets. Only four out of 40 RNA sets were selected and predicted to behave as the comparator-like
function. This preliminary work offers an alternative strategy for designing a system involving multiple RNAs
strands, enabling the creation of novel and complex RNA based devices.
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