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Abstract: The domains of DNA and RNA nanotechnology are steadily gaining in popularity while
proving their value with various successful results, including biosensing robots and drug delivery
cages. Nowadays, the nanotechnology design pipeline usually relies on computer-based design
(CAD) approaches to design and simulate the desired structure before the wet lab assembly. To aid
with these tasks, various software tools exist, often used in conjunction. However, their interopera-
bility is hindered by a lack of a common file format that is fully descriptive of the many design
paradigms. Therefore, in this paper, we propose a Unified Nanotechnology Format (UNF) designed
specifically for the biomimetic nanotechnology field. UNF allows storage of both design and simu-
lation data in a single file, including free-form and lattice-based DNA structures. By defining a log-
ical and versatile format, we hope it will become a widely accepted and used file format for the
nucleic acid nanotechnology community, facilitating the future work of researchers and software
developers. Together with the format description and publicly available documentation, we provide
a set of converters from existing file formats to simplify the transition. Finally, we present several
use cases visualizing example structures stored in UNF, showcasing the various types of data UNF
can handle.

Keywords: DNA nanotechnology, file format, molecular file formats, computer-aided design,
coarse-grained simulations, DNA origami, DNA-protein engineering, RNA nanotechnology

1. Introduction

The field of DNA nanotechnology, steadily increasing in popularity, has seen success
in various domains, ranging from biomedical research [1], through drug delivery [2], up
to the creation of nanorobots [3]. The basic premise of this field is that DNA molecules
have predictable binding properties based on Watson-Crick base pairing of complemen-
tary sequences, allowing researchers to design strands that self-assemble into a vast range
of nanoscale-sized structures. While these structures share the nanometer scale, they can
significantly differ in terms of size, internal complexity, or the desired use case. Further-
more, despite the core Watson-Crick base-pairing rules being well-defined, in theory, the
properties of nanostructures are also determined by a range of other factors in the real-
world application, including charge interactions, kinetic traps, and knotting. These factors
also partially depend on the chosen design paradigm. Amongst the most popular para-
digms nowadays are multilayer DNA origami [4] and wireframe DNA origami [5,6]. Fur-
thermore, in addition to DNA nanotechnology, there also exists an ever-growing field of
RNA nanotechnology [7], sharing many of the same design concepts while leveraging the
wider chemical capabilities of RNA, allowing for the incorporation of naturally occurring
structural RN A motifs. Moreover, DN A nanostructures have started to be combined with
proteins to create DNA-protein hybrid nanostructures [8]. These conjugates further
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increase the potential applications of nanotechnology. On the other hand, the design and
assembly of such structures is correspondingly more complex.

As the nanostructures grow in complexity, it is desirable to utilize in-silico design
tools to prevent expensive and time-consuming lab experiments. The typical modern
DNA nanotechnology pipeline includes a basic design—-simulation loop, allowing to de-
sign the structure using computer-aided design tools, followed by molecular dynamics
simulations verifying the properties of the design. This pipeline often involves various
software tools, such as Cadnano [9], Adenita [10], and oxDNA [11,12], focused on different
subtasks. Ideally, it would be possible to directly use the outcomes of one tool as an input
for another and then back again in an iterative manner, harnessing the strengths of the
individual applications. However, the currently existing DNA nanotechnology software
usually represents data in various formats, not offering sufficient support for such in-
teroperability. This can be especially challenging in the case of collaborations between
various research groups, where each prefers a different tool. This challenge can be par-
tially overcome thanks to the file format converters, such as those provided by the
TacoxDNA web server [13]. However, current export and conversion tools only convert
structures from design-oriented file formats, such as Cadnano files, into simulation-ready
formats, such as PDB and oxDNA. The opposite is currently not possible due to the loss
of hierarchical information in the simulation formats. Furthermore, while existing formats
have served the community well for the design of DNA structures, they generally lack
support for emerging nanotechnology applications, such as RNA nanostructures and
DNA-protein hybrids. As such, it is not surprising that various researchers, including us,
lately called for a standard and sufficiently capable file format.

Therefore, in this paper, we propose a Unified Nanotechnology Format (UNF) de-
signed specifically for the biomimetic nanotechnology domain, which uses DNA, RNA,
and proteins as basic building blocks. The format aims to be usable in design and simula-
tion applications, offering a verbose and explicit representation of the stored data to meet
the needs of these areas. The in-depth documentation describing the format structure is
available on a public repository (see Appendix A) to foster the inclusion in the existing
and upcoming software tools. Together with the format description, we also provide a set
of converters from existing file formats to simplify the transition to UNF. To showcase the
capabilities of the UNF, various nanostructures stored in this file format are presented in
this paper.

2. State of the Art

As soon as computers started to be used for the in-silico analysis and design of mo-
lecular structures, the need to store structural data in digital form naturally arose. There
have been several distinct file formats developed over the years, storing various levels of
information. For the description of atoms of a single molecule, MDL Molfile, structure-
data file (SDF), and XYZ are often used [14,15]. All of them are text-based, with one line
of text per atom. While XYZ omits storing explicit bonding information, MDL Molfile and
SDF support this feature. In the area of proteins and other macromolecular structures, the
most prevalent and de facto standard way of data storage is via the Protein Data Bank
(PDB) format [16]. It paved the way for the standardization of biomolecular file formats,
facilitating scientists' work almost for half a century, thus having a significant influence
on their work and achievements. Similar to the formats mentioned above, PDB also works
in a text-based all-atom manner, storing one atom per line. The strength of PDB lies in its
ability to define not only coordinates of molecules but also abstract molecular structure
data, such as atom names, parent residue, multiple structure models, and crystallographic
transformations. One disadvantage of the PDB format is its age, making it not well suited
for the latest developments in the biomolecular domain, despite the numerous revisions
over the years. For example, the fixed-column approach chosen by PDB limits the maxi-
mum number of atoms per model. For this reason, PDB is being replaced by its spiritual
successor — the mmCIF (macromolecular Crystallographic Information) format [17,18]. It
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is also a textual format, but thanks to its dictionary-based approach, it is more flexible. 99
Besides that, there are no limitations on the maximum number of atoms. On the other 100
hand, when compared to PDB, it is less human-readable. 101
From the perspective of nanotechnology applications, PDB contains more detail than 102
necessary, but lacks a coarse-grained representation of structures. Most of the design tools 103
for DNA nanotechnology work on a higher level of abstraction as they focus on nucleo- 104
tide-level or helical segments representations, making the conversion to atomistic resolu- 105
tion difficult and often unnecessary. Current formats for storing coarse-grained molecular 106
data are often closely coupled with particular molecular modeling software. For example, 107
Moltemplate [19], a coarse-grained molecular builder for LAMMPS [20,21], uses a text- 108
based file format, also known as LT (LAMMPS-Template format), closely resembling a 109
source code. In HADDOCK [22], the all-atom to coarse-grained model conversion outputs 110
a coarse-grained PDB file together with a file containing distance restraints, which isused 111
when converting the coarse-grained data back to the fully atomistic model [23,24]. Finally, 112
VMD [25] also allows its users to perform conversion to coarse-grained data, utilizing the 113
MARTINI [26] CGC textual file format throughout the process [27]. 114
Since the domain of DNA nanotechnology relies on in silico design and modeling of 115
structures from scratch, the file formats must include additional data when compared to 116
the general macromolecular ones. Moreover, due to existing design paradigms, it may be 117
needed to capture some of their abstractions, not necessarily relevant to the structural data 118
itself. As this domain can still be considered relatively young in comparison to other areas 119
of molecular biology, the existing file formats reflect this by using more up-to-date tech- 120
nologies. Besides that, since it is often sufficient to work on the nucleotide level in nano- 121
technology, the existing file formats mostly omit atomistic details. 122
Probably the most widely used design file format is provided by the well-known 123
DNA origami design tool Cadnano [9]. It stores data as a JSON (JavaScript Object Nota- 124
tion) file containing fields that describe the routing of single strands inside the DNA ori- 125
gami lattice. In more detail, Cadnano distinguishes between scaffold and staple strands, 126
storing their data separately, but the information about the routing of individual strands 127
is not explicitly stored and needs to be deduced. The disadvantage of Cadnano files is that 128
they are limited to lattice-based design data. Furthermore, the nucleobase sequence needs 129
to be stored in a separate CSV file. Some of the drawbacks of the Cadnano's file format are 130
refined in the Scadnano [28], web-based DNA origami design application. It allows for 131
storing the nucleotide sequences directly inside the file, includes chemical modifications, 132
and is generally better structured. The JSON-based approach is also employed by the 133
Tiamat design tool [29]. Compared to the Cadnano and scadnano file formats, Tiamat 134
stores the world Cartesian coordinates for each duplex center line, or unpaired nucleo- 135
base, since it is a free-form design tool. Similarly, the Parabon inSéquio Design Studio 136
application [30] also stores free-form data, using XML schema for their description. Fi- 137
nally, Adenita [10], an application for multiscale visualization and modeling of DNA 138
nanostructures, employs a JSON-based file format to store the design files. An advantage 139
of Adenita's format is the ability to store both lattice-based data and free-form single 140
strands. In some of the design tools, the used file format is closely coupled to the applica- 141
tion framework in which they are implemented. For example, the file format of vHelix [6], 142
an application focused on designing wireframe DNA origami, is based on Autodesk Maya 143
ASCII files. Similarly, the file format of MagicDNA [31], a tool for multi-component DNA 144
origami assembly, is based on Matlab files. 145
Among the approaches focused on nanostructure simulations and structure predic- 146
tion, the oxDNA [12,32] file format stands out, having a robust suite of conversion tools 147
into its format and a high degree of flexibility in its representation. OXDNA uses two text 148
files — configuration and topology file — which store molecule positions/orientations and 149
connectivity/sequence information, respectively. Furthermore, the recent extension of the 150
oxDNA model, ANM-oxDNA, supports simulations and storage of DNA-protein or 151
RNA-protein hybrid nanostructures [33]. A text-based file format is also employed by the 152
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Figure 1. Visualization of the possible interconversions between the established nanotechnology 154
formats and UNF. Graph nodes denote file formats while the edge labels mark the tools offering 155
the conversion. oxDNA and Cadnano file formats are amongst the most important ones while 156
many of the conversions are realized via the TacoxDNA [13] converters and the oxView [34] appli- 157
cation. The red-colored part shows the proposed Unified Nanotechnology Format together with 158
the corresponding converters. 159

3D structure prediction software Cando [35], storing the necessary data for the re- 160
construction of single and double DNA strands, including the base-pairing information. 161
The Structured Nucleic Acids Programming Interface SNUPI [36], a framework for com- 162
putational analysis of DNA origami assemblies, employs several text-based formats, in- 163
cluding XYZ, PDB, and Matlab data files. OxView [34], a freeform design tool and oxDNA 164
configuration viewer, uses JSON-formatted files to store the scene data, which extend the 165
data available in the oxDNA format by including information such as designed base pairs, 166
alternate color schemes, labels, and grouped molecules. 167

In total, the number of different file formats used in the nanotechnology domain is 168
rather large, with most of the tools implementing their own instead of reusing existing 169
ones. Thanks to the aforementioned TacoxDNA converter or built-in exporters, all the 170
previously mentioned design formats can be converted into the oxDNA format for free- 171
form editing with oxView. However, the situation is far from being ideal. OxView is a 172
powerful tool for combining multiple designs and creating small free-form structures, but 173
it lacks layers of abstraction such as virtual helices, domains, and scaffold routing, which =~ 174
allow other tools to design large and complex structures. Furthermore, the conversionto 175
the oxDNA format results in the loss of design data which would be useful in the analysis 176
and visualization of simulated structures. 177

Beyond the DNA itself, only Adenita and oxView allow the inclusion of RNA and 178
protein structures within the design format. Moreover, no tool includes explicit represen- 179
tation of modified bases, small molecules, and other nanoparticles, such as gold nanopar- 180
ticles and quantum dots, which are frequently found in DNA nanotechnology applica- 181
tions. Finally, many file formats are scarcely documented, if at all, making it difficult for 182
software developers to understand their inner workings. Due to all of these reasons, we 183
propose here a UNF, Unified Nanotechnology Format, described in the following section, 184
which aims to provide an application-independent and well-documented solution to an 185
omnipresent problem of nanotechnology data storage. By developing the UNF and con- 186
verters into and out of the format, we hope to improve data sharing and interoperability 187
among the tools and researchers involved in this field. 188



Molecules 2021, 26, x FOR PEER REVIEW 5 of 18

3. Format Description 189

In this chapter, the general structure of a UNF file, version 1.0, is introduced. The 190
primary focus is on the concept as a whole, presenting the categories of data UNF handles. 191

Therefore, most of the lower-level details are omitted in the text of the paper. 192
193
3.1 Overall Goal 194

As the name suggests, the proposed Unified Nanotechnology Format aims to provide 195

a unified way of storing various nanotechnology structures, considering the specifics of 196
existing design paradigms and the needs of simulation applications. In its current state 197
proposed in the paper, the format definition is based on our survey of the available tools 198
(described in Chapter 2), discussions with other experts, and our experience from devel- 199
oping in silico design tools for DNA and protein-based nanotechnology. Furthermore, 200
there were several subgoals we aimed to achieve: 201
202

¢ Due to the popularity of the multilayer DNA origami technique, the format 203

should be able to explicitly store designs of such lattice-constrained 204
nanostructures. However, at the same time, it must also support the storing 205

of the free-form DNA nanostructures, allowing for the description of arbi- 206

trarily shaped designs and simulation outcomes. 207

e The format should be viable for DNA-protein and RNA-protein nanotech- 208

nology engineering by storing coarse-grained representations of protein 209

structures. 210

e For conversion from fully atomistic models to coarse-grained ones and vice 211

versa, the format should have some way of referencing the original source 212

data from crystallography, NMR, cryoEM, and all-atom simulation experi- 213

ments. 214

e Related to the previous point, the format should support references to other 215

types of molecules to allow the creation of more complex molecular scenes, 216

possibly including all-atom structures together with coarse-grained ones. 217

o Tofacilitate the implementation of the format in various tools, it must be well ~ 218

defined, with a clear and properly explained terminology. Furthermore, the 219
documentation of its structure should be easily available. 220

o The UNEF file itself should be human-readable to allow for quick changes us- 221

ing a simple text editor in case of need. At the same time, it must be easy to 222

process from the perspective of software developers. 223

e Ideally, the format should reuse well-defined concepts and terms from the 224

existing DNA nanotechnology file formats and software applications to 225

make the transition from other ways of data storage easier. 226

¢ Finally, due to the nature of the goal summarized at the beginning of this 227

chapter, it is expected that the format will gradually evolve to meet the needs 228

of its potential end-users. Therefore, it should be open for extension, making 229

it possible to shape it in the future without a need for a complete rewrite. 230

231

Given all these subgoals, we realized that the file format used by Adenita might serve 232

as a reasonable starting point and source of inspiration. Thus, we incorporated the ad- 233
vantages of this format and solved its limitations, extending it to go beyond its original 234
possibilities. Furthermore, we also drew inspiration from file formats implemented by 235
Cadnano and oxView as these are two well-known ones in the area of nanostructure de- 236
sign and molecular dynamics simulation, respectively. 237

238
239
240
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3.2 UNF File Structure 241

Similar to some of the existing nanotechnology formats, we decided to make the UNF 242
JSON-based (see an excerpt from the example file in Figure 2). Apart from this approach 243
being already well-explored in the domain, it has an advantage in both simplicity of file 244
parsing and human readability. On the other hand, JSON files are not very space-efficient 245
as they are rather verbose. However, given the focus on the complete definition of a 246
coarse-grained structure, reasonable length is to be expected. 247

To enable the inclusion of fully atomistic molecules, UNF allows referencing external 248
files (see Figure 3). These are primarily PDBs in UNF’s current state. Since a simple refer- 249
ence to an external file would mean that this file needs to be provided together with the 250
UNEF file to have complete data, UNF offers a way of including the content of other files 251
directly in the UNF file, if needed. This makes it possible to distribute just one file con- 252
taining all the necessary information. The inclusion of other files works by simply append- 253
ing a specifically structured line of text at the end of the UNF file, followed by the contents 254
of the appended file. The consequence of this approach is that the final UNF file is not 255
always a clean JSON as it may contain other kinds of data appended to the end of the file. 256
Furthermore, applications aiming to process these referenced files need to possess ade- 257
quate parsers. However, extracting the JSON part out of the UNF file is a straightforward 258
task. Besides that, since the JSON-stored data represent the main UNF content, referenced 259
files serve mainly for specific use cases. They can be, therefore, omitted in some applica- 260
tions. For this reason, the content of referenced files is appended instead of being included 261
directly in the JSON, as this reduces the memory and processing overhead posed on these 262
kinds of applications. 263
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264
Figure 2. Excerpts from an example UNF file. Fields for identification of the file and stored struc- 265
tures are visible, together with parameters describing the location of nucleic and amino acids. 266
3.3 Data Hierarchy 267

The data represented by UNF can be split into four major categories, as visualized in 268
Figure 4. While there is no one-to-one correspondence between these categories and the 269
UNEF fields, this distinction is helpful for the format description. Thus, in the following 270
text, each of these categories will be introduced in more detail. To connect the textual de- 271
scription of the format with the UNF JSON attributes, terms emphasized in bold will refer 272

to similarly-named JSON fields. 273
274
3.3.1 General File Information 275

This group stores mainly data related to file identification and settings. They specify, 276
for example, the version of UNF which is used and units in which positions of objects are 277
represented. Then, information about the file name, author, and date of creation are 278
stored, as well as the DOI of relevant publications. Finally, references to external files are 279
included. As for external files, except for the information mentioned in Chapter 3.2, UNF 280
stores the MD5 hash of the file’s content for each referenced file. This ensures that the 281
content of the given file is equal to its content at the moment of UNF creation. 282
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283
UNF (*.unf) file UNF (*.unf) file UNF (*.unf) file
JSON data JSON data
JSON data
Two external files Two external files
No external
i e referenced but referenced
not included and included -
Figure 3. References to external files in UNF and their influence on the UNF file structure. The 285
currently proposed solution allows for simple extraction of the JSON part if the remaining data are 286
not needed in the given scenario, or are about to be processed later. 287
3.3.2 Design Data 288

Design-specific data are primarily represented by storing the information about 289
DNA origami lattices to describe multilayer structures. For free-form structures, an ex- 290
plicit position of a nucleotide is stored, as described in the following section. UNF can 291
encompass more than one lattice in a single file, making it well-suited for the multi-com- 292
ponent assembly. For each lattice, its position and orientation in space are saved, as well 293
as its type, which can be either of the two arrangements permitted by Cadnano, square 294
and honeycomb. Then, an array of its virtual helices is stored, where each virtual helix 295
represents a possible location of a double helix. Virtual helices consist of cells, of which 296
each references two arrays of nucleotides. One array corresponds to nucleotides from the 297
single strand crossing the cell in the 5’ to 3’ direction, the other for a strand in the 3" to 5° 298
direction. Furthermore, each cell possesses one of three types of nucleotide information: = 299
Normal cells can reference up to one nucleotide in each of the arrays, signaling that thisis 300
a regular cell without any special properties. Deletion cells do not reference nucleotides 301
as they denote that this cell should be skipped. Therefore, deletion cells allow the visual 302
alignment of different lengths of double strands when designing structures. Finally, in- 303
sertion cells allow for referencing more than one nucleotide. For the insertion of length n, 304
the corresponding array contains n+1 nucleotides. These concepts naturally correspond to 305
the skips and loops in the Cadnano application, allowing the inclusion of these detailsin 306
the UNF data. Overall, this hierarchy matches the semantic conventions of multilayer ori- 307
gamis used by Cadnano. 308



Molecules 2021, 26, x FOR PEER REVIEW 9 of 18

Virtual helices & cells
Format settings File content identification I
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Figure 4. Categories of data stored by UNF. Each category carries a certain kind of information, 310
with structural and design data being the most important content-wise as they define the struc- 311
tures. 312
3.3.3 Structural Data 313

At the core of structural data are coarse-grained structures, where each structure con- 314
sists of an arbitrary number of nucleic acid strands and amino acid chains. All the neces- 315
sary data are stored for both of these subunits, including starting and ending amino and 316
nucleic acids, and a custom color for annotations. Nucleic acid strands also contain an 317
attribute determining whether they are a scaffold or a staple strand. On top of that, they 318
consist of nucleotides, storing the type of a nucleobase, neighbouring nucleotides refer- 319
ences, the paired nucleotide on the complementary strand, and the nucleotide’s position 320
in space. For amino acid chains, similar information is saved, required for a successful 321
reconstruction of a chain from the stored data. Since UNF operates on a coarse-grained 322
level, it is essential to define how exactly the coarse-graining works. In this regard, UNF’s 323
representation of nucleic and amino acid locations is based on models proposed by 324
oxDNA, as it is verified both programmatically and experimentally [37,38]. In the case of 325
protein structures, the position of an amino acid is represented by one vector correspond- 326
ing to the location of its alpha carbon atom. Information about the side-chain orientation 327
is not currently included as there are no tools that produce or read this information at the 328
present time. For nucleic acids, four vectors are employed. Two of them describe the cen- 329
ter of mass positions of the backbone and nucleobase. In this area, the UNF model devi- 330
ates from the oxDNA representation, which stores only the center of mass of a whole nu- 331
cleotide. We found out that extending the data model in this way allows for more flexibil- 332
ity and more straightforward visualization, particularly for structures converted from 333
fully atomistic representations. The remaining two vectors uniquely describe the normal 334
of a nucleobase plane, i.e., base stacking direction, and the direction of a hydrogen bond- 335
ing. Since lattice-based design approaches do not explicitly store nucleotide locations, this 336
situation needs to be captured by UNF as well. Therefore, a simple rule was proposed. If 337
the nucleotide contains position records, then they take precedence over the lattice-based 338
representation. Otherwise, the nucleotide is expected to be referenced by some lattice cell, 339
and visualization tools can determine its position algorithmically. 340

UNF is also able to capture other kinds of molecules. For this purpose, the data 341
model splits them into three groups: ligands, nanostructures, and others. Since ligands 342
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are usually small, they can be described as an explicit set of atoms and bonds. Nanostruc- 343
tures are currently identified by a name, reference to an external file, and positionin space. 344
The purpose of the nanostructures field is to store compounds such as gold nanoparticles. 345
At the moment, the stored data are very general, as we aim to collect the needs of other 346
experts over time to more precisely define what needs to be stored. Finally, the remaining 347
field allows for the storage of arbitrary molecules referencing external PDB files. Thanks 348
to this, UNF allows creating a molecular scene combining fully atomistic structures with 349

coarse-grained ones. 350
351
3.3.4 Other Data 352

The remaining category of data allows storing user-defined groups, modifications, 353
connections, comments, and the size of the molecular simulation box. Groups are named 354
collections of IDs, allowing to reference various objects stored in a UNF for annotation 355
purposes, clustering, and so on. Modifications enable storing of information about the 356
nucleotides and amino acids that are chemically modified, together with the standard five 357
and twenty- codes describing the type of modification. As for connections, they allow to 358
explicitly define a particular interaction between several elements. Comments enable to 359
store textual notes related to a particular element stored in the file. Finally, UNF also con- 360
tains a field for miscellaneous data. This is a general-purpose attribute where the individ- 361
ual applications can append arbitrary information while keeping the structure of the UNF 362
file completely valid. 363

4. Converters From Existing Formats 364

Apart from proposing the format itself, we also provide a set of converters from some 365
of the existing file formats to simplify the transition to UNF. The Cadnano and PDB con- 366
verters were implemented in the Python programming language and can be executed and 367
parameterized via the command line, enabling their usage in automatized scenarios. The 368
oxDNA/oxView converter is built into oxView, creating also the opportunity to edit UNF 369

files as a result. 370
371
4.1 Cadnano & UNF Converter 372

We provide both, Cadnano to UNF and UNF to Cadnano conversion (see Figure 5). 373
The Cadnano to UNF converter allows converting multiple Cadnano files into one UNF 374
file. For each input file, additional parameters, in the form of the lattice type and desired 375
world space location of the lattice, are provided. Then, the converter extracts the design 376
information from the Cadnano file and creates a new lattice record in UNF. Together with 377
that, new nucleotides are created, referenced from the lattice cells, and assembled into 378
strands. Cadnano’s loops and skips are converted to insertions and deletions, and the 379
strands corresponding to these cells are modified in length accordingly. Circular scaffold 380
strands are currently cut at a predefined location. While this is unnecessary for the UNF, 381
it serves mainly as a convenience for the potential applications implementing the format. 382
Since some Cadnano users utilize colors to annotate specific single strands, the staple 383
strands coloring is also transformed to corresponding fields in UNF. In summary, for n 384
input files, n records in lattices and structures UNF fields will be created. 385

In the case of UNF to Cadnano conversion, each lattice stored in UNF is converted 386
to an individual Cadnano file. While this converter is still evolving, it already converts the 387
most crucial features of the data. If the source UNF file contains free-form structures or 388
additional molecules, they will be ignored during the conversion to Cadnano as this for- 389
mat does not support such data. 390
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Figure 5. Process of converting files from Cadnano to UNF and then from UNF back to Cadnano,
showcasing the supported interoperability between these two file formats. During both conver-
sions, structural and color information remain fully preserved.

4.2 PDB — UNF Converter

This converter accepts a fully atomistic PDB or mmClIF file as an input and converts
it to coarse-grained UNF representation, creating a new record in structures. Due to the
types of data represented by UNF, only nucleic and amino acid chains together with lig-
ands are processed; the rest of the file is ignored. It is expected that the PDB residues are
listed in 5" to 3’ direction, respectively from N-terminus to C-terminus.

An important part of the conversion process is the transformation of the atomistic
locations to the reference frames of the UNF. This procedure directly corresponds to the
way coarse-grained positional data are stored, as described in Section 3.3.3. For amino
acids, the location of the alpha carbon is extracted. For nucleic acids, the process of con-
version follows the one performed by the corresponding TacoxDNA converter. Therefore,
vectors determining the orientation of a nucleobase are computed based on specific atoms
and vectors between them. This procedure is detailed on the official UNF repository to
ensure that all of the applications implementing UNF will behave consistently.

4.3 oxDNA/oxView & UNF

The UNF parser was written for the oxView visualization and editing application. It
creates oxView system objects for each structure represented in the UNF. For structures
containing lattice representations, positions in 3D space are determined based on the lat-
tice corner coordinates, the position of the helix, and ideal B-form helix geometry. For
structures containing alternate positions, positions of the nucleoside and backbone beads
are set based on these coordinates. These systems can then be exported to the oxDNA or
oxView formats using the built-in export tools. This provides UNF with an editing oppor-
tunity in an already available and widely used tool.

OxView also contains an export option to the UNF format (see Figure 6). With the
intended molecule loaded in the scene, the user can obtain a UNF representation by click-
ing the UNF export button in the “File” tab. This will bring up a dialogue where the header
information can be edited (it will be automatically filled from the most recently loaded
UNEFF file in the scene if one exists). Currently, only the structure section of the UNF record
is filled out as oxView does not have an internal representation of lattices. However, this
is something we intend to support in the future. The export feature of oxView allows for
editing of UNF structures as well as combining multiple files into a unified design file. As
was described in the Chapter 2 — and visualized in Figure 1 — the oxView plays, together
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with the tacoxDNA server, an important role for the interconversion of nanotechnology 429
formats. Therefore, the option to import and export UNF and oxDNA files in oxView also 430
enables users to store structures converted from many existing file formats in UNF, with 431
the oxDNA file format being used as an intermediate step followed by the oxDNA to UNF 432
conversion. 433

oxDNA to UNF UNF to oxDNA 434

Figure 6. Structure of Robot arm with tweezer [31] converted from oxDNA to UNF and back using 435
the oxView application. 436

5. Use Cases 437

This chapter introduces example structures that UNF can process. They were created 438
using the converters mentioned in Chapter 4, possibly combined with additional scripts 439
and manual modifications. Some of these structures are available on the official repository 440
of the format (Appendix A), together with a documentation instructing how to reproduce 441
the results from the source data. Since it would be challenging to imagine the contents of 442
a UNF file purely from its textual representation, one of the tasks during the development 443
of a new file format is to come up with a way how to visualize it. For this purpose, a web- 444
based application called UNF Viewer was developed and made accessible on the official 445
repository. Its sole purpose is to visualize the main contents of the UNF file, making it 446
possible to verify if the structural data are correctly preserved during the conversion pro- 447
cess or file modifications. Besides that, the oxView [34] application was also extended with 448
UNF support, allowing for import, visualization, and editing of the stored structures. We = 449
hope that the extension of such a widely accepted tool with UNF support can significantly 450
accelerate the inclusion of UNF in the work of other researchers. 451

452
Figure 7. Hextube-cuboid structure stored in a single UNF file, visualized in UNF Viewer (left) 453
and oxView (right), based on two different lattices. While the UNF Viewer also visualizes the 454

empty lattice cells stored in UNF, oxView focuses purely on the structural data. 455
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456
5.1 Multi-component designs 457

The first use case pertains to multi-component DNA origami designs. For example, 458
in Cadnano, it is not possible to explicitly store nanostructure complexes consisting of 459
more than one lattice. There are some workarounds how to achieve this for lattice 460
structures where all lattices have the same arrangement. However, well-defined support 461
for this kind of designs is missing, despite this being a topic for many researchers [39-42]. 462
In contrast, UNF was designed with multi-component design in mind, naturally 463
supporting such structures. Figure 7 shows a sample hextube-cuboid structure consisting 464
of one honeycomb lattice design combined with a square lattice design. Data of both 465
lattices, as well as their world locations, are stored in a single UNF file. 466

Another example of multi-component design is the DNA origami rotor structure, 467
visualized in Figure 8, proposed by Ahmadi et al. [42]. This structure consists of four 468
lattice-based components (three honeycombs, one square), which can be stored entirely in 469
UNF. Moreover, using UNF we can also integrate the fully atomistic structure of a protein- 470
based antibody to the given structure. 471

472

Figure 8. DNA origami rotor [42] together with an antibody (PDB: 1IGY [43]), visualized in ox- 473
View. An example of multi-component DNA-protein hybrid design, which can be stored in UNF. 474

5.2 Multilayer DNA origami structures and all-atom molecules 475

As suggested by the DNA origami rotor structure in Figure 8, UNF can also store 476
multilayer origami designs combined with fully atomistic structures. Another example of 477
such a combination is visualized in Figure 9. To the best of our knowledge, this was not 478
yet possible, in a straightforward way, with the publicly available formats. This allows for 479
the creation of molecular sceneries combining different levels of detail. Thanks to that, 480
coarse-grained structures can be modified in the corresponding design software while the 481
information about the all-atom structure remains stored for molecular simulations 482
performed after the design is finished. 483

484
485
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486
Figure 9. Smiley face DNA origami structure [44] combined with a protein (PDB: 6]I1 [45]), visual- 487
ized in the UNF Viewer from the contents of a single UNF file. 488
5.3 Coarse-grained DN A-protein hybrids 489

An important goal of UNF is the storage of coarse-grained structures, allowing to 490
save arbitrary free-form designs. Two examples of such structures are visualized in 491
Figure 10. Both of them result from PDB to UNF conversions using the converter described = 492
in the previous chapter. Apart from conversion from PDB, coarse-grained structures can = 493
also be designed from scratch in arbitrary tools offering this functionality. Moreover, they 494
can be combined with lattice-based designs. 495

496
Figure 10. Two coarse-grained DNA-protein hybrids stored in UNF and visualized in oxView. The 497
source data for the conversions to UNF were the PDBs 3UGM [46] (TAL protein) and 6KIX [47] 498
(MLL1-NCP complex). 499
500
5.4 Coarse-grained RNA structures 501

Due to the rise of RNA nanotechnology, UNF also supports coarse-grained RNA 502
structures and their combination with proteins, as shown in Figure 11. As in the case of 503
DNA structures, the PDB to UNF converter enables the conversion of the atomistic datato 504
a coarse-grained UNF representation while correctly detecting the type of nucleic acid to 505
label the given strand as RNA. 506
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507
Figure 11. Two coarse-grained RNA structures stored in a UNF file and visualized in oxView. 508
2JYH [48] RNA is shown on the left, while 65Y6 [49] structure, which contains both RNA and pro- 509
tein, is on the right. 510
6. Conclusion 511

The Unified Nanotechnology Format — UNF, proposed in this paper, aims to pro- 512
vide a single way of data storage in the domains of DNA and RNA nanotechnology. It 513
allows for the combination of different types of structural data, including multilayer DNA 514
origami structures, free-form structures, coarse-grained amino acid chains, and fully at- 515
omistic molecules. By doing so, it should be suitable for both computer-aided design and 516
molecular simulation areas, with respect to the nanotechnology domain. The format de- 517
scription is publicly available, making it accessible to anyone who aims to implementitin 518
their software framework. Moreover, since the format is sufficiently capable, well-struc- 519
tured, and thoroughly documented, such implementation should not pose a major chal- 520
lenge. Together with the format definition, a set of converters from other existing file for- 521
mats is provided to facilitate the transition to UNF. To allow for visualization of the UNF- 522
stored data, a UNF Viewer (see Chapter 5) application was developed. Moreover, the web- 523
based oxView [34] application was extended to support UNF. By executing all of these 524
steps, we believe that we can increase the interoperability and compatibility between in- 525
dividual software tools by providing a single means of data storage and exchange. Since 526
the lack of a common file format for the nanotechnology domain has been lately discussed = 527
among various research groups, UNF presents a first major step in this direction.While 528
we support most of the structures represented by well established formats, there still ex- 529
ists specialized data, which UNF cannot fully represent. For example, while UNF can store 530
wireframe DNA origami structures using the free-form nucleotide coordinates, it cannot 531
meaningfuly represent the polygonal mesh files used as a source design data. Similarly, 532
in the case of RNA structures, UNF can describe their spatial properties but does not offer 533
an explicit way of storing the RNA origami blueprints used for the design. However, there 534
are fields which can be utilized for this purpose without breaking the format compatibil- 535
ity. In any case, we realize that there might be novel design paradigms or discoveries in 536
the future, posing additional requirements on the UNF in order to preserve its status of 537
universally applicable format. For this reason, one of the important parts of the UNF eco- 538
system is a well-defined versioning system, allowing for tracing the history of format 539
changes, as well as for quick identification whether the given version of the format is com- 540
patible with another one. 541

With these points in mind, the format was designed to be open for further improve- 542
ments. Therefore, we aim to collect feedback and opinions of additional experts to make 543
the UNF suit their needs. Furthermore, we would like to extend some of the file format 544
fields to make them more focused on a particular type of data. We will encourage and 545
offer help to nucleic acid nanotechnology tool developers to support the export and load- 546
ing of UNF format, as well as the development of interconversion tools between respective =~ 547
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design formats to make sharing designs between research groups easier. In the end, we 548
believe that UNF has the potential to replace the existing file formats where possible, as 549
well as to open doors to new discoveries, and interoperability between the individual soft- 550
ware tools. 551

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, ZIP ar- 552
chive S1: the contents of the UNF release 1.0.0 553
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o The official UNF repository is accessible via the following link: 576

https://github.com/barisiceroup/unf 577

e The repository of the oxView application is available using this link: 578
https://github.com/sulcgroup/oxdna-viewer 579
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