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Abstract

The design of DNA and RNA sequences is critical for many endeavors, from DNA nanotech-
nology, to PCR-based applications, to DNA hybridization arrays. Results in the literature
rely on a wide variety of design criteria adapted to the particular requirements of each ap-
plication. Using an extensively-studied thermodynamic model, we perform a detailed study
of several criteria for designing sequences intended to adopt a target secondary structure
[1]. We conclude that superior design methods should explicitly implement both a positive
design paradigm (optimize affinity for the target structure) and a negative design paradigm
(optimize specificity for the target structure). The commonly used approaches of sequence
symmetry minimization and minimum free energy satisfaction primarily implement negative
design and can be strengthened by introducing a positive design component. Surprisingly,
our findings hold for a wide range of secondary structures and are robust to modest pertur-
bation of the thermodynamic parameters used for evaluating sequence quality, suggesting
the feasibility and ongoing utility of a unified approach to nucleic acid design as parameter
sets are further refined. Finally, we observe that designing for thermodynamic stability does
not determine folding kinetics, emphasizing the opportunity for extending design criteria to
target kinetic features of the energy landscape.

Introduction

A fundamental design problem consists of selecting the sequence of a nucleic acid strand
that will adopt a target secondary structure [7]. As depicted in Figure 1a, this is the inverse
of the more famous folding problem of determining the structure (and folding mechanism)
for a given sequence. To attempt the rational design of novel nucleic acid structures, we
require both an approximate empirical physical model [6, 4] and a search algorithm for
selecting promising sequences based on this model. Experimental feedback on the quality
of the design and the performance of the design algorithm can then be obtained by folding
the molecule in vitro. Alternatively, if this feedback loop can be closed computationally by
folding the molecule in silico, the quality of sequence designs could be rapidly assessed and
improved before attempting laboratory validation.

In designing nucleic acid sequences, we consider the two principal paradigms illustrated
in Figure 1b. Positive design methods attempt to select for a desired outcome by optimizing
sequence affinity for the target structure. Negative design methods attempt to select against
unwanted outcomes by optimizing sequence specificity for the target structure. A successful
design must exhibit both high affinity and high specificity [8], so useful design algorithms
must satisfy the objectives of both paradigms, even if they explicitly implement only one.
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Figure 1: a) Feedback loop for evaluating nucleic acid se-
quence designs and methodologies. b) Positive and neg-
ative design paradigms. Two sequences are evaluated
using an empirical potential on both the desired target
structure and an undesired structure. Using a positive
design paradigm, sequence A would be selected since it
exhibits a stronger affinity than sequence B for the tar-
get structure (i.e. lower ∆G). Using a negative design
paradigm, sequence B would be selected since it exhibits
specificity for the target structure while sequence A ex-
hibits specificity for the undesired structure.

For some applications, it may be desirable to supplement these thermodynamic design
considerations with additional kinetic requirements. For example, in designing molecular
machines [10], it may be crucial to select sequences that fold or assemble quickly. Alter-
natively, it may be important to design interactions with intentionally frustrated folding
kinetics in order to control fuel delivery during the work cycle [9].

The present study uses efficient partition function algorithms [5, 2] and stochastic kinetics
simulations [3] to examine the thermodynamic and kinetic properties of sequences designed
using seven methods that capture aspects of the positive and negative design paradigms.
Although several of these design criteria have been widely used, we are not aware of any
previous attempt to assess their relative performance. Evaluated based on thermodynamic
considerations, we consistently observe that sequence selection methods that implement both
positive and negative design paradigms outperform methods that implement either paradigm
alone. This trend appears to be robust to changes in both the target secondary structure
and the parameters in the physical model, and to the choice of either RNA or DNA as the
design material. The trend does not hold when the design criteria are judged based on
kinetic considerations, as favorable thermodynamic properties do not ensure fast folding.
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