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Abstract

Computational modeling of nucleic acids plays an important role in molecular biology, enhancing our gen-
eral understanding of the relationship between structure and function. Biophysical studies have provided a
wealth of information on how double-helical DNA responds to proteins and other molecules in its local
environment but far less understanding of the larger scale structural responses found in protein-
decorated loops and minicircles. Current computational models of DNA range from detailed all-atom
molecular dynamics studies, which produce rich time and spatially dependent depictions of small DNA
fragments, to coarse-grained simulations, which sacrifice detailed physical and chemical information to
treat larger-scale systems. The treatment of DNA used here, at the base-pair step level with rigid-body
parameters, allows one to develop models hundreds of base pairs long from local, sequence-specific fea-
tures found from experiment. The emDNA software takes advantage of this framework, producing opti-
mized structures of DNA at thermal equilibrium with built-in or user-generated elastic models. The
program, in combination with the case studies included in this article, allows users of any skill level to
develop and investigate mesoscale models of their own design. The functionality of emDNA includes a
tool to incorporate experiment-specific configurations, e.g., protein-bound and/or melted DNA from known
high-resolution structures, within higher-order 3D models by fixing the orientation and position of user-
specified base pairs. The software provides a new avenue into multiscale genetic modeling, giving a wide
range of users a deeper understanding of DNA mesoscale organization and the opportunity to pose new
questions in genetic research. The publicly available emDNA software, including build instructions and
usage information, is available on GitHub (https://nicocvn.github.io/emDNA/).

� 2022 Elsevier Ltd. All rights reserved.
Introduction

The DNA in living systems simultaneously exists
in a largely inactive B-form double-helical state
with bases protected from damage and an active,
highly varied state with localized structural
distortions necessary for reading, expressing, and
re-arranging the encoded genetic information.
Access to this information occurs in the context of
a tightly packaged, higher-order 3D structure, with
td. All rights reserved.
DNA wrapped in small loops around various
architectural proteins1,2 and the protein-decorated
DNA chains folding into successively larger looped
forms.3,4 The complex interplay among the local
features of DNA and protein, the larger-scale
biomolecular organization, and the resulting genetic
function is of fundamental importance to an under-
standing of biology.
Physical understanding of how various proteins

and small molecules work in combination with
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1 The italicized font throughout the text represents command-line
code and specific file names.

2 Users can get a list of specific options (or flags) with brief
descriptions by executing emDNA --help in the command-line
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DNA to control the overall structure and function of
the genetic material is beginning to come to light.
The growing library of high-resolution structures5

is making it possible to decipher the effects of
base-pair sequence, bound proteins, and small
molecules on the local architecture of DNA.6–8

State-of-the-art computational treatments that take
direct account of these local DNA features help to
envision ways in which higher-order, constrained
systems might assemble and function.9–18 Access
to these 3D models has been limited until now to
the experts who have been developing the compu-
tational technologies. The general user has not
been able to introduce arbitrary constraints in
DNA models, such as placing a specific protein
within a loop or a closed circular DNA structure.
Popular 3D modeling tools currently allow users to
generate simple, ligand-free circular structures for
atomic-level simulations, e.g., Nucleic Acid
Builder,19 or to construct protein-decorated frag-
ments along unconstrained, linear DNA chains,
e.g., 3DNA.20,21 The capability to impose con-
straints both on the ends and within the DNA mole-
cule opens new avenues to study large- and small-
scale dynamics of genetic systems.22

Our new method for determining optimized
configurations of DNA at the level of successive
base-pair steps makes it possible to model the
presence of bound proteins on spatially
constrained DNA and to examine the structural
landscape of DNA loops and minicircles hundreds
of base pairs long.16–18 This is done using emDNA,
a command-line software package that gives users
the capability to develop spatially constrained,
energy-optimized DNA models using previously
described mathematical methods.16 A hallmark of
emDNA is the level of structural control users have
over the calculations, particularly in the ability to
freeze specific tracts of DNA during optimization,
thereby maintaining details that are useful in eluci-
dating the structural response of free DNA to
protein-binding and other localized deformations.
In addition, the software allows for sequence-
dependent control via intrinsic base-pair step-level
parameters. These parameters can range from sim-
plistic – an idealized model of isotropic B DNA – to a
fully sequence-dependent, knowledge-based
potential derived from high-resolution structural
information.
Case studies presented in this work highlight

applications of emDNA to a well-characterized
minicircle with unique sequence-dependent
features.23–26 Initially, readers learn how to gener-
ate and optimize circular forms of DNA with elastic
models built into the emDNA software. Readers
then build a protein-decorated DNA minicircle utiliz-
ing a linear ramping technique with DNA models
collected from experimentation, illustrating how
the positioning of a protein with respect to base-
pair sequence influences global folding. Finally,
readers use the ramping tool to generate multiple
2

looped configurations starting from a minicircle,
seeing how changes in the end points alter the path-
way of the loop. The software is stored for public
access at the emDNA GitHub repository (https://
nicocvn.github.io/emDNA/), which contains down-
load instructions and a detailed user guide. Com-
mands, options, and arguments for each case
study are supplied with additional support files in
the supplementary information and on the reposi-
tory site.
Methods

The emDNA software package works with DNA
configurations built from rigid-body base-pair
frames. These reference frames approximate the
atomic structure of each Watson-Crick base pair
as a rectangular plane (Figure 1(A)). This
simplification reduces the description of the �60
atoms in a base pair to a reference frame with 12
values — the 3 � 1 position vector of the origin
and the 3 � 3 orthonormal matrix describing the
directions of the local axes. These reference
frames can then be used to generate a vector of
six base-pair step parameters {tilt, roll, twist, shift,
slide, rise} that describes the relative orientation
and displacement of successive base pairs27 (Fig-
ure 1(A)). The interconversion between reference
frames and base-pair steps entails straightforward
linear algebraic methods,16 conveniently imple-
mented in software such as 3DNA20 and in an inter-
nal parser within emDNA (see below).
Use of emDNA1 requires a file specifying the initial

configuration of DNA and a series of options to
describe the end conditions and elastic parameters
guiding the optimization of structure2 (Figure 1(B)).
The initial file takes the form of either a collection of
base-pair reference frames or a collection of step
parameters. The step-parameter file (--x3DNA-bp-
step-params-input) contains the base-pair
sequence as well as the step parameters. The
reference-frame files can be organized with or
without the sequence (--x3DNA-bp-input or --bp-
list-input, respectively) as sequence is not a
requirement if the chain is modeled as a simple
homopolymer. These files can be made directly
from Protein Data Bank (.pdb) files using 3DNA,20

either through the interactive 3DNA web interface
(web.x3DNA.org) or with the open-source code
downloadable from the 3DNA Forum (https://forum.
x3dna.org).
The elastic parameters used in the optimization

combine a set of rest states with elastic stiffness
constants associated with the six base-pair step
parameters. The energy at each step is
proportional to the sum of the squared differences
terminal.
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Figure 1. (A) An all-atom model of a DNA base-pair step with O4ʹ atoms highlighted in red and hydrogen bonds
between Watson-Crick base pairs in blue. The orientation and displacement of successive base pairs, enclosed in
rectangular slabs (top), are described in terms of three rotational and three translational parameters. Schematics
(bottom) illustrating positive values of each parameter are positioned such that the coding strand (i.e., the specified
sequence as opposed to the reverse complement) is at the left and the minor-groove edge (gold) faces the reader. (B)
The standard emDNA workflow. Starting with an initial configuration of DNA (yellow), the user specifies a series of
commands and options for optimization (blue). The output (pink) includes two files — the optimization log file and the
optimized configuration file, which can be used with emDNA_parser and software such as 3DNA to produce a .pdb file
for 3D molecular modeling. (C) Choice of base-pair constraints. (top) The last base pair is either free to move (white
circle), fixed at its origin but allowed to rotate freely (red circle), or spatially fixed (red circle and slab). (bottom) An
additional constraint can be used to freeze user-defined steps during optimization. (D) The set of additional tools built
into emDNA, each of which is independent of the others. See main text for further details.
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between the rigid-body parameters in the modeled
DNA configuration and the rest-state values
associated with a linear equilibrium structure.16

The rest-state values and stiffness constants, which
can depend upon sequence, allow the user to incor-
porate specific local conformational features, such
as intrinsic curvature,28 within the DNA model.
The total energy of a configuration is the sum of
the energies over all deformable steps. The current
version of the software includes a simple homopoly-
meric model of idealized B DNA29 and a fully
sequence-dependent model derived from high-
resolution crystal structures.6 The minimization of
total energy uses a gradient-descent method involv-
ing the step parameters. Users can customize the
minimization parameters, including the maximum
number of iterations in the optimization and the gra-
dient threshold used to finalize the calculation.
Once an optimization is complete, emDNA pro-
duces a configuration file which can then be con-
verted with 3DNA into a .pdb file for 3D molecular
modeling.
3

A highlight of using emDNA is the level of control
the user has over the optimization process,
particularly the positions and orientations of the 3ʹ-
ends of the DNA fragments. If the optimization
were initiated with every base-pair step free to
move, the result would be a linear configuration
identical to the equilibrium rest state. This option,
initiated with the --free–collection flag, is useful in
troubleshooting and offers insights into structural
features, such as curvature, that may depend
upon sequence (Figure 1(C), top). Restricting the
DNA collection during optimization requires one of
two flags, which hold either the last base pair in
place (--hold–last–bp) or only the base-pair origin
(--hold–last–origin). The latter flag makes it
possible to treat nicked minicircles and loops. Any
optimization initiated with emDNA requires one of
these three commands. The molecular origin
remains fixed at the 5ʹ–end throughout.
The level of base-pair control is not restricted to

the ends of the chain. Use of the --frozen–steps
option (Figure 1(C), bottom) allows users to



3 A note for beginners: the start of a command line is denoted with
a ‘$’ character. From there, a command is typed as a single line. The
‘\’ character is used in Bash script files to break up a single command
line into a format that is easier to read, write, and edit. The ’< >’
symbols used here denote unique strings and lists to be designated
by the user.
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specify one or more subsets of base-pair steps that
should remain constant during optimization. This is
useful when a tract within the initial configuration
represents a particular DNA model of interest,
such as a local region with a highly distorted
conformation or a protein-DNA binding interaction.
The --frozen–steps option is also useful in
positioning spatially-distant base pairs such as
those at the ends of a protein-mediated loop.
The optimization of a collection of DNA base pairs

is one feature of the emDNA software. The software
also includes a data-parsing tool (emDNA_parser)
to convert between reference frames and step
parameters (Figure 1(D)). If users want to
customize modeling with specific elastic
parameters, such as highlighting sequence-
specific roll and/or twist values in curved A-
tracts,30,31 the software contains a tool that builds
a binary file from selected step parameters and
elastic constants (emDNA_ff_packager). Users
can get additional structural insights into the mod-
eled DNA configurations from the writhe (Wr), total
twist (Tw), and linking number (Lk) values obtained
at any stage of optimization with the built-in topol-
ogy tool (emDNA_topology). The writhe is a stan-
dard measure of the global configuration of a
constrained DNA molecule and is used with the
intertwining of the double-helical strands (total twist)
to determine the linking number (Lk = Wr + Tw), a
measure of DNA supercoiling.32,33 Finally, users
can design and build protein-decorated models with
a built-in modeling tool that utilizes a linear ramping
technique (emDNA_probind), which incorporates a
specified DNA configuration into some larger target
base-pair collection.16 Each tool is independent of
the others, allowing users full control over when
and how to collect selected information within the
workflow. The following case studies present exam-
ples of how these tools can be used.

Case studies

Elastic energy minimization with emDNA yields
an optimized configuration of DNA and a detailed
log file that contains energetic values (in units of
kBT) (Figure 1(B)). The energetic data include
initial and final energy values and a detailed 6 � 6
matrix of contributions to the elastic energy from
all pairs of step parameters, e.g., a diagonal
matrix when optimizing with the built-in
homopolymeric IdealDNA model. The collected
energies exclude any region(s) frozen during
optimization. Additional structural information
regarding either the initial or optimized
configurations can be obtained at any stage of the
optimization using the aforementioned
emDNA_parser and emDNA_topology tools
(Figure 1(D)). The initial and final energies are
presented in Supplemental Table S1 for the
following case studies.
The three case studies highlight the functionality

of emDNA. Each sample application starts with a

4

perfectly circular configuration, either a 336-bp
sequence used in gene therapy34 (N336.par) with
Lk 32 or a 195 bp segment of the longer sequence
(circ195.par) with Lk 18. Both circles bear a partially
curved 180-bp attR region that is a remnant of the k
integrase-mediated recombination process used to
generate the larger minicircle (Figure 2(A) in red).35

An important detail regarding the design and use of
DNA minicircle models concerns the last base-pair
step. For circular DNA, the ends of the collection
must be joined in perfect register. This is achieved
by using a virtual last base pair, where the first
base-pair reference frame is copied to the end of
the collection, so that a final, closing step is gener-
ated. Users can introduce their own starting circular
configurations or make use of a method that allows
for customized chain length, linking number, and
sequence, included in Supplemental Protocol S1
and Supplemental Table S2.
The first case study involves optimization of the

N336.par minicircle with the commands found in
Figure 2(B).3 The examples illustrate the effects of
two different sets of elastic parameters on the
same initial configuration: the IdealDNA model29

and the built-in sequence-specific model
(Olson1998).6 Each optimization specifies that the
position and orientation of the final base pair must
be held constant to maintain the end-to-end connec-
tion (--hold–last–bp). An optional flag is used to cus-
tomize the name of the output files (--output–file);
without the flag, the naming defaults to emDNA_mi-
nim. Once an optimization is complete, the directory
will contain an optimized step-parameter file (always
ending in _opt.txt) and a detailed log file. Topological
data for each optimized structure can be obtained
using the emDNA_topology tool with the --virtual–
last–bp flag, which specifies that the two ends of
the chain are connected. Although both models are
similar in general configuration and final energy
(Supplemental Table S1), the examples in Figure 2
(C) reveal a regular planar circle (Wr = 0) for the
IdealDNA chain and a curved circle with an out-of-
plane bend (Wr = 0.05) for the sequence-
dependent chain. Note the greater localized distor-
tion within the attR region of the lattermodel (Figure 2
(C) right, red). The circular plot in the figure highlights
the variation of twisting and bending at individual
base-pair steps along the sequence-dependent
model compared to the uniform values associated
with IdealDNA (34.3� and 1.1�, respectively). The dif-
ference in topological parameters between the two
models arises from the greater average bend
(2.9�±1.7�) and the reduction in local twist
(34.2�±2.6�) found in the sequence-dependent chain.



Figure 2. (A) A 336-bp sequence used in genetic studies containing a 180-bp attR region (red).24 (B) The emDNA
commands and options used in optimizing the file of base-pair step parameters (N336.par) bearing the preceding
sequence. Each code block (beige) starts with the emDNA command followed by options to select the initial
configuration file and to specify the built-in elastic parameters to be used in optimization: (left) the homopolymeric
IdealDNA or (right) the sequence-dependent Olson1998 model. The last two options specify the end constraint that
fixes the last base pair in space and define the output name. The instructions end with the emDNA_topology
command that characterizes the global topology with the optimized step-parameters file as the input. The –virtual-last-
bp option ensures that the chain ends are connected. The ‘>’ symbol is required to generate a file with topological
values; without this, the unsaved data will only appear on the command-line terminal window. (C) Two views,
rendered in PyMol,44 of each optimized minicircle below its respective code block. The lower images are obtained by
rotating the top images about the horizontal axis by �80�. The attR sequence is highlighted in red in the model that
accounts for sequence (right). The values of the global topological parameters are listed at the center of each model.
The circular plot of optimized twist (exterior) and bend (interior) angles between successive base pairs along the
sequence (center) highlights the local differences between the IdealDNA (grey) and Olson1998 (maroon) optimized
models. The D symbol in each image denotes the first base pair and the black arrow the 5ʹ-3ʹ direction of the
sequence.
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The next two case studies highlight how emDNA
can incorporate specific models into a naked DNA
fragment using the emDNA_probind command.
This tool applies a linear ramping function that
shapes select regions of a target base collection
as if bound to protein while maintaining the end-
to-end distance and rotation between DNA
fragment ends.16 This is done by iteratively incre-
menting the base-pairstep parameters within the
target region(s) to match those in known protein-
DNA complexes, optimizing all non-targeted base-
pair steps after each iteration. This tool requires
three initial files: the initial DNA configuration, the
model of protein-bound DNA to be incorporated,
and a list of necessary emDNA options. This list,
found in the boxed inset in Figure 3(A), is described
5

in further detail in Supplemental Table S3. Execu-
tion of the ramping technique simply entails typing
the name of the file containing the list of options
after emDNA_probind in the command line (see
the first command at the top left of Figure 3(A)).
The second case study uses emDNA_probind to

produce a circular minichromosome bearing the
superhelical pathway taken from a nucleosome-
core-particle structure.2 Here, the N336.par struc-
ture acts as the initial base_collection with the first
141 bp, outside the attR sequence region, as the
site of protein incorporation (depicted in gold and
red, respectively, in Figure 3(B)). The central
141 bp of the currently best-resolved nucleosome
core particle structure (Protein Data Bank file
1KX5)2 serves as the protein_collection model



Figure 3. (A) Commands and options required for producing a 336-bp nucleosome-decorated minicircle. The three
command lines (i) execute the ramping procedure using the INPUTFILE.txt commands list (right inset), (ii) convert the
ramped output file from a base-pair list file to a step-parameter file with the sequence in Figure 2A (<string> replaced
by sequence in Figure 2A), and (iii) optimize the ramped product with sequence-dependent elastic parameters. The –
hold–last–bp and –frozen–bp options respectively maintain the circular configuration and the ramped protein-bound
region. See Supplemental Table S3 for details of options found in inset. (B) Molecular schematic of the ramping
process starting from an ideal circular pathway and a 141-bp model of nucleosomal DNA. The product of the ramping
step, shown in brackets, can be further used for optimizing sequence-dependent features (far right). The color coding
highlights the attR sequence (red) and the nucleosome model/target (Protein Data Bank file 1KX5 in gold). (C)
Commands and options required for producing a 195-bp loop: (i) convert the step-parameter file of n141.par to a
reference frame list file (step_list.txt); (ii) extract the first and last base-pair frames from step_list.txt to produce a new
reference frame file (step.txt); (iii) convert step.txt to a new step-parameter file step_std.par; and (iv) insert
step_std.par into the minicircle using the STEP_INPUT.txt command list file (blue box below). Unlike the previous
ramping application, this example requires only a few ramped iterations (here 10). (D) (top) Molecular schematic of
the ramping process starting from a 195-bp ideal circular pathway and a virtual step extracted from the ends of the
141-bp model. The associated case study (bottom left) explores the effect of change in the virtual step rise parameter
from ��66�A in the standard model to values of 150�A and50�A. The bar chart (bottom, right) highlights the increase in
bend energy (bottom, dark grey) and twist energy (top, light grey) with change in rise. See Figure 2 for descriptions of
the D symbols and black arrows.
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(small gold superhelix in Figure 3(B), n141.par).
Application of the IdealDNAmodel over 100 ramped
iterations produce the optimized protein-decorated
structure found within brackets in Figure 3(B).
Three output data files accompany the ramping pro-
cedure, including: a list of the reference frames of
the final optimized state (emDNA_pb_final.txt) with-
out sequence information; a list of the reference
6

frames for all intermediate structures
(emDNA_pb_confs.txt); and a list of the total
energy, gradient normal, number of optimization
iterations, and return codes for each intermediate
structure (emDNA_bp_stats.txt). See Supplemen-
tal Video S1 to visualize the linear ramping process.
Further optimization with emDNA following ramping
requires an additional option (--frozen–steps, seen
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in Figure 1(C)) to exclude regions with fully bound
proteins from the energy calculation.
Consideration of DNA sequence after use of the

ramping procedure requires an additional step.
The user needs the emDNA_parser tool to convert
from the optimized reference-frame-list file to a
structure file that includes sequence information,
such as a step-parameter file. The sequence in
Figure 2(A) is added using --bp-list-sequence,
making sure to copy the first base (a thymine) to
the end to account for the circular configuration for
the <string> sequence input. This case study
yields the sequence-dependent minichromosomal
structure depicted at the far right of Figure 3(B),
again highlighting the attR sequence region in red
and the bound nucleosomal DNA in gold. The
uptake of a nucleosome is limited here to the 156-
bp segment outside the attR region, allowing for
limited sliding of the 141-bp superhelical pathway
along the minichromosome. The sliding of the
nucleosome along this 15-bp region has
pronounced effects on the energy and
configuration of the protein-free loop
(Supplemental Figure S1). The attR sequence is
needed to make the minicircle and for this reason
the nucleosome-positioning sequence is located
outside this region.
The final case study showcases how users can

construct and study the influence of chain end
conditions on DNA loops. The first step entails
generation of a set of virtual step parameters that
describe the orientation and displacement of a
user’s choice of base pairs. This is done by
extracting two reference frames from a collection
of interest and determining the ‘end-to-end’ base-
pair step parameters using emDNA_parser
(Figure 3(C)). Once collected, users can
incorporate this virtual step into a naked DNA
fragment using emDNA_probind. Here, a virtual
step was generated using the first and last base-
pair frames of the n141 nucleosomal DNA ({–2.2�,
–135.1�, –174.2�, 1.46 �A, –30.48 �A, –65.92 �A}, top
of Figure 3(D) in gold), and inserted into a 195-bp
minicircle, identical in length to the optimized loop
found in Figure 3(B) (circ195, produced in
Supplemental Protocol S1). In addition, users can
alter the step parameters in any desired fashion,
e.g., changing the step rise parameter (Figure 3
(D) bottom). Here are two loops with rise values
changed to �150 �A and 250 �A, leading to
increasingly stressed configurations of higher
bending and twist energy (Figure 3(D) bottom right
and Supplemental Table S1).
Discussion

The emDNA software offers researchers a new
avenue in DNA functionality studies. Users can
control chain length, sequence composition,
placement of fragment ends, local structural
7

deformations, and binding interactions over the
course of the energy minimization of polymeric
structures. These capabilities offer useful insights
into the interplay between local regions of interest
and the configuration of the DNA as a whole, such
as the manner in which designed ligands may
modulate looping propensities and associated
genetic activity.18 Structures such as those mod-
eled in Figure 3 provide a jumping-off point for fur-
ther investigation of the unwrapping, or breathing,
of nucleosomal DNA away from the histone protein
core.17 Protein-bound DNA can also be deformed,
such as by replacing one model of a nucleosome
with another17 or by opening and rotating binding
sites found on proteins that mediate DNA looping.36

The global DNA configuration can be altered by
choice of intrinsic properties at the base-pair step
level (see Figure 2 and 18,37). Simulated chains
may take up multiple ligands and/or small
molecules.16,18 A series of related structures can
be used in approximate treatments of large-scale
molecular motions and individual configurations
can serve as the starting state in detailed atomic-
level studies.22

The command-line environment offered with this
initial release of emDNA allows users direct
interaction with the software for large, batch-scale
jobs and for series-based optimizations, such as
length-dependent looping profiles18,36 or nucleoso-
mal DNA breathing.17 This degree of customizability
makes emDNA a versatile modeling toolkit for both
local use and high-performance computations. For
example, users can develop DNA elastic models
of their own design with the emDNA_ff_packager
tool, such as from ensembles of structures in online
repositories6,31 or collected in detailed, large-scale
molecular simulations.38 Users can also control
the degree of supercoiling within constrained sys-
tems through the choice of intrinsic parameters,
notably the base-pair step twist.18

While emDNA is designed to be user friendly,
there are limitations to consider. The optimization
and protein-decoration ramping tools can be
computationally time consuming, depending on
DNA fragment size and number of ramped
models. Depending on available computational
resources, optimization of a 100-bp configuration
may take less than two minutes while that of a
1000-bp configuration may take days. This is a
particular concern when using the
emDNA_probind tool as the number of iterations
is akin to the number of optimizations to run.
There may be some cases where an optimized

configuration will self-intersect and change the
linking number, i.e., the integer value that
describes the entanglement of the complementary
strands of a closed DNA structure.32,33 Application
of electrostatic control during the optimization pro-
cess with the --dh–electrostatics flag prevents
inter-strand collisions but lengthens the computa-
tion time.
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The next steps in emDNA software development
will address broader functionality and enhanced
usability. This includes an expandable base-pair
step option, allowing users to work in the context
of the 42 possible dimer steps or the 44 possible
tetramer steps. Atomic-level simulations39–41 and
our preliminary studies of high-resolution structural
data show that nucleotide context, i.e., the immedi-
ate neighbors of a dimer step, perturbs average
step-level properties and modulates global struc-
ture of representative DNA chains. In addition,
application of forces on the 3ʹ-ends of DNA frag-
ments will expand emDNA uses to simulations of
single-molecule biophysical experiments.42,43

Other planned enhancements include options for
building initial fragments, customizable log files,
and collision checking during optimization.
In summary, the emDNA software brings

advanced DNA modeling technology to students
and researchers of any skill level. The capability to
manipulate and visualize higher-order
conformations of DNA with methods previously
available only to experts allows general users to
develop and investigate models of their own
design. The deeper understanding of mesoscale
organization gained with these new tools may lead
to new avenues of research, such as ligand
design that improves the likelihood of stable loop
formation and subsequent control of genetic
processes.
Code availability

emDNA is free, open-source software built fromC
++ programming language and requires CMake
version 3.18.0 or later for compilation and
installation. The emDNA code supports macOS
(10.13 or later), Windows (8.1 or later), and
Ubuntu (20.04 LTS or later) operating systems.
The code for emDNA is available on GitHub
(https://github.com/nicocvn/emDNA) with
additional support, including installation
instructions for all major operating systems and a
detailed how-to guide, at https://nicocvn.github.io/
emDNA/. All dependencies are accounted for in
the current emDNA build and do not require
additional installation by the user. The initial-
configuration method described in the
Supplementary Materials requires Python 3.X; the
script is found in the emDNA repository.
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