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Abstract: The Nucleic Acid Package (NUPACK) is a growing software suite for the analysis and design of nucleic acid
systems. The NUPACK web server (http://www.nupack.org) currently enables:

• Analysis: thermodynamic analysis of dilute solutions of interacting nucleic acid strands.
• Design: sequence design for complexes of nucleic acid strands intended to adopt a target secondary structure at

equilibrium.
• Utilities: evaluation, display, and annotation of equilibrium properties of a complex of nucleic acid strands.

NUPACK algorithms are formulated in terms of nucleic acid secondary structure. In most cases, pseudoknots are excluded
from the structural ensemble.
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Introduction

The analysis and design of RNA and DNA base-pairing arise both
in basic biological research and in engineering novel chemical and
biological systems. NUPACK is focused on the analysis and design
of nucleic acid secondary structure for systems involving one or
more species of interacting strands. Notable features include:

• Calculation of the partition function and minimum free energy
(MFE) secondary structure for unpseudoknotted complexes of
arbitrary numbers of interacting RNA or DNA strands∗ including
rigorous treatment of distinguishability issues that arise in the
multi-stranded setting.1

• Calculation of the equilibrium concentrations for arbitrary species
of complexes in a dilute solution (e.g., for a test tube of interacting
RNA or DNA strand species).1

∗The web server currently limits the maximum complex size to ten strands
and displays a single MFE structure. Larger complexes and degenerate MFE
structures can be analyzed by downloading and compiling the NUPACK
source code.

• Use of partition function and concentration information to calcu-
late equilibrium base-pairing observables for dilute solutions of
interacting strand species.1

• Sequence design for one or more strands intended to adopt an
unpseudoknotted target secondary structure at equilibrium.2

The NUPACK web server also offers utilities for the customization
of figures for talks and papers, providing:

• Publication-quality vector graphics that can be downloaded and
edited in standard vector graphics programs.

• Automatic layout and rendering of secondary structures depicted
with or without ideal helical geometry.
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• Dynamic graphical editing of secondary structure layout within
the web interface.

This note summarizes the features of the Analysis, Design, and
Utilities pages of the NUPACK web server.

Secondary Structure Model

The secondary structure of multiple interacting strands is defined
by a list of base pairs.1 A polymer graph for a secondary structure
can be constructed by ordering the strands around a circle, drawing
the backbones in succession from 5′ to 3′ around the circumfer-
ence with a nick between each strand and drawing straight lines
connecting paired bases. A secondary structure is pseudoknotted if
every strand ordering corresponds to a polymer graph with cross-
ing lines. A secondary structure is connected if no subset of the
strands is free of the others. Algorithms are formulated in terms
of ordered complexes, each corresponding to the structural ensem-
ble of all connected polymer graphs with no crossing lines for a
particular ordering of a set of strands. The free energy of an unpseu-
doknotted secondary structure is calculated using nearest-neighbor
empirical parameters for RNA in 1M Na+3, 4 or for DNA in user-
specified Na+ and Mg++ concentrations5–7; additional parameters
are employed for the analysis of pseudoknots (single RNA strands
only).8, 9

Analysis

The Analysis page allows users to analyze the thermodynamic prop-
erties of a dilute solution of interacting nucleic acid strands in the
absence of pseudoknots.

Input

The Analysis Input page allows the user to specify the components
and conditions of the solution of interest: RNA or DNA, tempera-
ture (or range of temperatures for melts), number of strand species,
maximum complex size (all ordered complexes with up to this num-
ber of strands will be included in the analysis), strand sequences,
strand concentrations (for calculations with maximum complex size
greater than one). Under the expandable Advanced Options panel,
users may select among available energy models, specify salt con-
centrations, allow a class of pseudoknots (single RNA strands only),
and specify additional ordered complexes to include in the cal-
culation (larger than the specified maximum complex size). The
estimated computation time is displayed as the user provides input.
If the estimate exceeds a threshold, an email address is required to
permit notification of job completion; jobs estimated to exceed a
larger threshold are not accepted.

Computation

The partition function, equilibrium base-pairing probabilities, and
MFE structure are calculated for each ordered complex using
dynamic programs.1, 8, 9 For calculations in which the maximum
complex size is greater than one, the calculated partition functions

and user-provided strand concentrations are used to calculate the
equilibrium concentration of each ordered complex by solving a
convex optimization problem.1 If the user wishes to change the
strand concentrations after examining the results, it is not necessary
to recompute the partition functions, and the equilibrium properties
of the dilute solution can be rapidly recomputed from within the
Results page.

Results

The Results page summarizes the equilibrium properties of the dilute
solution:

• Melt profile plot: Depicts the fraction of unpaired bases at
equilibrium as a function of temperature.

• Ensemble pair fractions plot: Depicts equilibrium base-pairing
information for the dilute solution, taking into account the equi-
librium concentration and base-pairing properties of each ordered
complex. Each entry in the plot provides information about a par-
ticular species of base pair (e.g., the base pair in which base i of
strand species A (row) pairs to base j of strand species B (col-
umn); the color and area of the corresponding dot scale with the
fraction of strands of species A that form this pair at equilibrium).
In general, the matrix is not symmetric. Each dot in the column
at right represents the fraction of strands of a given species with
the corresponding base unpaired at equilibrium.

• Equilibrium concentration histogram: Depicts the equilibrium
concentrations of the ordered complexes.

Clicking on any bar in the histogram displays equilibrium informa-
tion about the corresponding ordered complex:

• MFE structure plot: Depicts the MFE secondary structure for the
ordered complex. In the default view, each base is shaded with
the probability that it adopts the depicted paired or unpaired state
at equilibrium, allowing the user to assess the utility of differ-
ent portions of the MFE structure in summarizing the structural
features of the ordered complex ensemble.

• Pair probabilities plot: Depicts equilibrium base-pairing proba-
bilities for the ordered complex, treating all strands as distinct.
By definition, these data are independent of concentration and
of all other ordered complexes in solution. The area and color of
each dot scale with the equilibrium probability of the correspond-
ing base pair. With this convention, the plot is symmetric, with
the upper and lower triangles separated by a diagonal line. The
area and color of each dot in the column at right scale with the
equilibrium probability that the corresponding base is unpaired.
Optional black circles depict each base pair or unpaired base in
the MFE structure.

The MFE structure can be exported to the Design page (e.g., to
redesign the sequence), and the MFE structure and strand sequences
can be exported to the Utilities page (e.g., to annotate or edit
publication-quality graphics). The MFE and pair probability images
may be downloaded in SVG format for editing in vector graphics
programs. Alternatively, all data and plots can be downloaded as a
single compressed file.
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Design

The Design page allows users to design sequences for one or more
strands intended to adopt an unpseudoknotted target secondary
structure at equilibrium.

Input

The Design Input page allows the user to specify design require-
ments: RNA or DNA, temperature, number of independent sequence
designs, target secondary structure in dot-parens-plus notation (each
unpaired base is represented by a dot, each base pair by match-
ing parentheses, and each nick between strands by a plus). Target
secondary structures that are multi-stranded must be connected.
Under the expandable Advanced Options panel, users may select
among available energy models, specify salt concentrations, specify
sequence constraints, and define pattern prevention requirements.

Computation

The design algorithm performs efficient ensemble defect opti-
mization to reduce the ensemble defect,2 the average number of
incorrectly paired nucleotides at equilibrium calculated over the
structural ensemble of the ordered complex.10 For a target sec-
ondary structure with N nucleotides, the algorithm seeks to achieve
an ensemble defect below N/100.

Results

The Results page summarizes the properties of the designed
sequences:

• Designability summary: Depicts each base in the target secondary
structure shaded by the probability that it adopts the depicted
paired or unpaired state at equilibrium, averaged across the inde-
pendent sequence designs. This plot can expose conceptual design
flaws in the target structure: if a particular base pair has a low prob-
ability of forming over several independent sequence designs,
adjustments to the target structure may be warranted.

• Sequence designs table: Displays the ensemble defect, nor-
malized ensemble defect, GC content, and sequences for each
design.

Clicking on a sequence design displays equilibrium information
about the ordered complex to which the target secondary structure
belongs:

• Target structure plot: Depicts the target secondary structure with
each base shaded by the probability that it adopts the depicted
state at equilibrium.

• Pair probabilities plot: Depicts the equilibrium base-pairing prob-
abilities for the ordered complex. Optional black circles depict
each base pair or unpaired base in the target secondary structure.

Any set of designed sequences can be exported to the Analysis page
(e.g., to check for the formation of unintended ordered complexes
in the context of a dilute solution). The target structure and any set
of designed sequences can be exported to the Utilities page (e.g., to
customize publication-quality graphics).

Figure 1. The Utilities page enables depiction of secondary structures
with ideal helical geometry for stacked base pairs, as for this complex
of three RNA strands with A-form helices (left) or three DNA strands
with B-form helices (right).

Utilities

The Utilities page allows users to evaluate, display, and annotate the
equilibrium properties of an ordered complex. The page accepts as
input either sequence information, structure information, or both,
performing diverse functions based on the information provided,
including:

• Evaluation and display of equilibrium information for a specified
secondary structure in the context of the ordered complex to which
it belongs (analogous to the treatment of the MFE structure in the
Analysis page, and the target structure in the Design page).

• Automatic layout and rendering of secondary structures specified
in dot-parens-plus notation with (e.g., see Fig. 1) or without ideal
helical geometry. In either case, the structure layout can be edited
dynamically within the web application.

Sequences can be exported to the Analysis page for further exam-
ination in the context of a dilute solution. Alternatively, structures
can be exported to the Design page, carrying any specified sequence
information as design constraints.

Implementation

The NUPACK web application is programmed within the Ruby on
Rails framework, employing AJAX and the Dojo Toolkit to imple-
ment dynamic features and interactive graphics. Plots and graphics
are generated using NumPy and matplotlib. The site is supported on
current versions of the Safari, Chrome, and Firefox browsers. The
NUPACK library of analysis and design algorithms is written in the
C programming language. Dynamic programs are parallelized using
MPI.11 The NUPACK web server is for noncommercial research
purposes.
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