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Proper design of nucleic acid sequences is crucial for many applications. We have previously
established a thermodynamics-based quantitative model to help design aptamer-based
nucleic acid probes by predicting equilibrium concentrations of all interacting species. To
facilitate customization of this thermodynamic model for different applications, here we
present a generic and easy-to-use platform to implement the algorithm of the model with
Microsoft® Excel formulas and VBA (Visual Basic for Applications) macros. Two Excel spread-
sheets have been developed: one for the applications involving only nucleic acid species,
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the other for the applications involving both nucleic acid and non-nucleic acid species. The

spreadsheets take the nucleic acid sequences and the initial concentrations of all species
as input, guide the user to retrieve the necessary thermodynamic constants, and finally
calculate equilibrium concentrations for all species in various bound and unbound confor-
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mations. The validity of both spreadsheets has been verified by comparing the modeling
results with the experimental results on nucleic acid sequences reported in the literature.
This Excel-based platform described here will allow biomedical researchers to rationalize
the sequence design of nucleic acid probes using the thermodynamics-based modeling even
without relevant theoretical and computational skills.
© 2013 Elsevier Ireland Ltd. All rights reserved.

Sequences of nucleic acid probes are often designed
empirically and then optimized with a trial-and-error exper-
imental approach. Because pure experimental approaches

1. Introduction

Nucleic acid probes are widely used in many PCR [1-3]
and non-PCR based applications. For example, linear [4-7]
and stem-loop (i.e.,, molecular beacons [8,9]) nucleic acid
probes are generally used to detect nucleic acid targets;
functional nucleic acids [10,11] (e.g., aptamers [12-14] and
DNA/RNAzymes [15-17]) have been used to detect non-nucleic
acid targets. Proper sequence design is critical for the perfor-
mance of these nucleic acid probes.

tend to be cost- and time-consuming, thermodynamics-based
computational models have been utilized to help rational-
ize this process. Many of these models are based on free
energy ranking to provide qualitative comparison between
different sequence candidates [18-21]. Recently, several quan-
titative computational models have also been reported [22-27].
The quantitative models calculate equilibrium concentra-
tions of all interacting species from initial concentrations and
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thermodynamic parameters, thus providing a quantitative
estimate on the extent of various interactions between the
interacting species. Particularly, we have previously estab-
lished a model that considers various interactions between
nucleic acid and non-nucleic acid species, as well as formation
of various nucleic acid self-structures [28]. The validity of this
model as a quantitative guide in optimizing aptamer-based
competitive nucleic acid probes has been experimentally ver-
ified. This model could be easily adapted to other applications
that involve interactions between multiple nucleic acid and
non-nucleic acid species.

However, implementation of the above-described ther-
modynamic model could be difficult for some biomedical
researchers who are not familiar with relevant theoretical and
computational skills. Herein we present a generic and user-
friendly platform that allows users to apply the algorithm
of the model for their own applications without the need
to know the theoretical and computational details. Based on
Microsoft® Excel formulas and VBA (Visual Basic for Appli-
cations) macros [21,29,30], two Excel spreadsheets have been
developed: one for the applications involving only nucleic acid
species, the other for the applications involving both nucleic
acid and non-nucleic acid species.

2, Computational methods

For any nucleic acid species i, five different types of conforma-
tions are considered here (Fig. 1): random coil (D;), secondary
structure (D; ), self-dimer (D;D;), duplex formed with another
nucleic acid species j (D;Dj; » 3), and complex formed with a
non-nucleic acid species k (D; * P). Formation of D; 5, D;D;, and
D;D; is considered by Egs. (1)~(3), respectively:

L
D; < Dis: m =Kp; (1)
D;+ D; < D;iD; : % = KDI-D{ (2)
[Di] - [Dj]
D; + D}' <~ DiDj : TD)]) = KDiD)- (3)

where [] represents equilibrium concentration, and K is disso-
ciation constant which can be determined by:

K= eAG/RT (4)

where R is the universal gas constant, T is the absolute tem-
perature, and AG is the change in Gibbs free energy. AG for
interactions between nucleic acid species can be accurately
estimated based on nearest neighbor model [31] with web
servers (e.g., mfold [32-34]) or standalone software packages
(e.g., RNAstructure [35]).

For any non-nucleic acid species k, only two types of con-
formations are considered here: unbound (P;) and complex
formed with a nucleic acid species i (D; x P). In contrast to
the interactions between nucleic acid species that can be
described with their intrinsic dissociation constants as in Egs.
(1)-(3), the interactions between nucleic acid and non-nucleic
acid species usually need to be described using experimentally
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Fig. 1 - Illustration of different conformations considered
for each nucleic acid species in the thermodynamic model:
random coil D;, secondary structure D; g, self-dimer D;D;,
duplex formed with another nucleic acid species D;Dj, and
complex formed with a non nucleic acid species D; Pk

determined apparent dissociation constant KD?; as follows:

[D]]- [Pe]
[D; P]

_ (Bl + [Di.S[}D‘:Pi[]DiDi]) [Pe] _ KA, (5)

DT + Pr < D?Pk :

where D} is the nucleic acid species i in one of the unbound
conformations, which could be either random coil D;, sec-
ondary structure D;, or self-dimer D;D;.

In a system that contains N number of nucleic acid species
and M number of non-nucleic acid species, mass conservation
for nucleic acid i and non-nucleic acid k results in Egs. (6) and
(7), respectively:

N M
[Di + [DiDi] + [Dis] + Y _[DiDj]+ > [DPy] = [P (6)
j=1 k=1
N
[Pl + > _[D;Pi] = [Pi] ?)

i=1

where [D;i"t2l] and [P, initial] are the initial (i.e., total) concen-
trations of nucleic acid species i and non-nucleic acid species
k, respectively.

For such a system that contains N number of nucleic acid
species and M number of non-nucleic acid species, there will
be totally (N + M) number of mass conservation equations, and
(3N/2 +N2/2 + N-M) number of equilibrium equations (N for for-
mation of nucleic acid secondary structures, N-(N+1)/2 for
formation of nucleic acid duplexes, and N-M for formation
of nucleic acid & non-nucleic acid complexes). This yields a
closed set of equations about equilibrium concentrations of
all nucleic acid and non-nucleic acid species in various bound
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